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DIFFERENTIAL MORTALITY AMONG THE SEXES IN CHILDHOOD 
AND ITS POSSIBLE SIGNIFICANCE IN HUMAN EVOLUTION* 


By Ursuta M. Cowai.u ANb G. E. HurcuHiInson 


OSBORN MEMORIAL LABORATORY, YALE UNIVERSITY 


Communicated February 18, 1963 


During a study of agricultural practices! * of Ladino and Indian families of the 
region around Lake Petén, El] Petén, Guatemala, a rather peculiar demographic 
situation was noticed among the Indians. In contrast with Ladino families living 
in the same region and frequently in the same communities, it appeared that events 
were occurring among Indians that resulted in a sex ratio by the fifteenth year of 
18:19. The effect is not due to an abnormal neonate sex ratio, for the available 
figures indicate a ratio of less than unity. Cowgill and Hutchinson*® concluded 
that the observed ratio in childhood is due to less careful nurture of female children 
between the ages of one and four years. In view of these results, it appeared to be of 
interest to determine just how widespread this phenomenon was in other populations, 
both in Central America and in the rest of the world. 

Mode of Presentation.—If the sex ratio of individuals dying between specified 
ages is plotted against such ages, a characteristic pattern is revealed. Initially, 
there is a markedly greater mortality of boys, as is well known. This is partly due 
to the neonatal sex ratio being well over unity in practically every population re- 
ported ;* but if the ratio is normalized to refer to a neonate population of equal num- 
bers of both sexes, the effect still persists, and has been widely explained as due to 
hemizygous semilethals on the X-chromosome. It is obvious that with an increase 
in unselective infant mortality, the normalized ratio will fall asymptotically to 
unity, but cannot become less than one by this process. 

After the first year the unnormalized ratio is systematically smaller in every popu- 
lation for which the figures are large enough to give significant ratios. In a con- 
siderable number of countries, none of which, however, are among the most indus- 
trialized and medically advanced, the unnormalized ratio falls below unity in the 
interval of one to four years of age. Subsequently, there is characteristically a rise 
in relative male mortality which in some populations becomes extreme, largely due 
to a high incidence of accidental deaths in early adolescence. Our concern in the 
present paper is with the nature of the fall in the ratio after the first year of life. 
In particular, we first inquire whether the normalized ratio, i.e., the ratio corrected 
to a sex ratio of unity in the individuals entering the period of two to five years, 
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TABLE 1 


Senliar Mortality Mortality 

0-4 years <1 year 1-4 years Uncorrected Normalized 

as % live as “ live as % live Neonate mortality mortality 

births births births sex ratio ratio l—4 ratio 1-4 
Country (1) (2) (3) (4) (5) (6) 

Netherlands 18 72 0. 056 443 371 
Scandinavia .43 02 0.4 055 380 316 
Australia 49 0. 4 .050 31] . 240 
England 57 0.3: .059 360 292 
Switzerland 68 0.46 055 408 343 
U.S.A. 06 0.¢ 051 195 146 
Scotland 11 0.3: .053 113 064 
Northern Ireland 18 0.37 075 354 268 
New Zealand 24 0. 061 391 .320 
France 26 0.5: 045 186 144 
Canada 48 058 .241 .182 
Un. So. Africa: 

Whites 
Kire 
Germany, W. 
Belgium 
Japan 
Algeria: Europeans 
Bulgaria 
Israel 
Germany, E. 
Uruguay 
Italy 
Spain 37 
Puerto Rico ». 40 
Paraguay 5.91 
Taiwan >. 98 
Argentina 68 
Poland 8.63 
Panama 9.14 
Costa Rica 9.33 
Venezuela 03 
Un. So. Africa: 

Asiatics 13 
British Honduras Al 
Nicaragua 48 
Honduras 27 
Portugal .28 
Jordan 86 
Yugoslavia 82 
Chile 
Algeria: Moslems 
El Salvador 
Colombia 
México 
Ecuador 
Bolivia 
Peru 
Un. So. Africa: 

Colored 
Philippines 
Guatemala 
Egypt 
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‘an be systematically less than unity, implying a preferential mortality of females 
during this period. We then consider the geographical distribution of the effect 
and add certain speculations as to its possible role in human evolution. 

We have used the data given in the United Nations’ Demographic Yearbook for 
1959,° which is largely devoted to natality statistics, in compiling Table 1. This 
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was prepared in the following way. The mortality under five years of age was first 
compared with the natality for the year under consideration (in most countries, 
1957). It would have been better if a cohort could have been followed through the 
first five years of life, but the data for this procedure were not always available. 
The mortality data for the years one to four are likely to be a little low as they refer 
to a population of neonates that is slightly smaller than that used in the estimate of 
the mortality in the years less than one, taken as the birth year. The error intro- 
duced by our procedure is negligible for our purposes. The ordering of the popula- 
tions in the table is given by increasing mortality rate under five years, 

In columns (2) and (3) of Table 1, the mortality rates computed for the first year 
and the second to fifth year are given separately. In column (4) we give the neonate 
sex ratio. Column (5) gives the ratio of boys to girls dying in the population of 
children in their second to fifth year. Column (6), using the estimate of the pro- 
portions of the sexes in the populations as it enters its second year, derived from 
natality and mortality in the first year, gives a normalized ratio on the assumption 
of an equal number of boys and girls entering this age category. These figures are 
subject to the same type of error as are the over-all mortality rates, but in this case 
the effect is negligible, probably not more than one unit in the decimal place. 

Results.—lf there were no differential mortality in the second to fifth year, the 
figures in column (6) should, apart from statistical fluctuation, be unity. Actually 
there is a very clear and systematic variation. In all the more industrialized and 
medically advanced populations with low infant (1) and early childhood (2) mor- 
talities, the normalized ratios of column (6) are in excess of unity. This is pre- 
sumably due to the death of a small number of excess boys who under less good con- 
ditions would have died during the first year, partly as the result of genetic and pre- 
natal events, but who are able to survive under very good conditions a little longer. 

In most, but not all, of the populations with a mortality rate, below five years, 
of more than five per cent, the normalized ratio is less than unity; in a number of 
cases the effect is very striking. In these cases there can be no doubt that the prob- 
ability of death for a girl is greater than that of a boy during the second to fifth 
year. In almost every case, an inspection of the crude statistics, which in general 
cannot be treated by our procedure beyond tbe fifth year, suggests that this prob- 
ability is reversed between the fifth and tenth years. The two most dramatic cases 
are, rather paradoxically, Israel and Jordan, with populations culturally as distant 
at least superficially, as they are geographically contiguous. Both populations are 
likely, however, to put disproportionate emphasis on the survival of male children. 
The few cases of high ratios in populations with high mortalities below five years 
are probably of considerable interest. The most striking is the South African “col- 
ored” population, presumably largely the “Cape Colored’ population composed of 
individuals of partially Hottentot and other aboriginal, and partially of European, 
descent with some Malayan intermixture. It is most unfortunate that no good data 
for an indigenous African population south of the Sahara are available. 

We can only conclude that the phenomenon of differential mortality of girls in the 
second to fifth year is widespread though variable and, at least in part, possibly under 
cultural control. 

Detailed Analysis of México. In view of our original interest in the problem in 
Central America, it appeared worth while to submit the very extensive data* 
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for México to an analysis by states. These data (Table 2) are probably the best 
for any country with a total mortality under 5 years of over 15 percent. Inspection 
of the data fails to reveal any geographical trend that could be correlated with ethnic, 
historic, or archaeological findings. The normalized ratios appear more uniform 
than the unnormalized; in particular, when corrections are made for the very pe- 
culiar great excess of males in the infant population of Tabasco, the death ratio falls 
from an excessive value of 1.075 to a value of 0.903—well within the range of varia- 
tion for other states. 

Evolutionary Significance.—No case has appeared where a large population shows 
the extraordinary effect observed in the Indian families of the Petén. In the large 
populations considered in the present paper, there is no reason to believe that the 
observed differential mortality has any very great effect op the proportion of sexes of 
reproductive age. Nevertheless, any kind of differential mortality can have selec- 
tive effects. In the present case any type of behavior on the part of female children 


TABLE 2 
Un- Normal- Un- Normal- 
corrected ized corrected izec 
Neonate mortality mortality Neonate mortality mortality 
States of sex ratio ratio 1-4 ratio 1—4 States of sex ratio ratio 1-4 ratio 1-4 
Mexico (1) (2) (3) Mexico (1) (2) (3) 


Baja, Guanajuato 052 0.899 0.870 

California 058 051 1.027 Hidalgo OS2 0.955 0.886 
Baja, Cali- Jalisco 054 0.998 0.963 

fornia Sur 05S SOI 825 México O54 0.964 0.937 
Nayarit O68 009 958 Michoacdén 046 0.991 0.956 
Sinaloa 056 055 003 Morelos 060 0.958 0.909 
Sonora 056 972 924 Puebla O54 0.987 0.957 
Coahuila 060 010 966 Querétaro 070 931 0.871 


032 112 1. 064 
O78 963 0.880 
.180 075 0.903 
.108 985 0.881 
066 960 0.923 
OSO O85 1.055 
ead O12 0.920 
074 039 0.966 
052 .030 0.990 


Durango 076 998 955 Campeche 
Nuevo Leon 050 019 975 Quintana Roo 
San Luis Tabasco 
Potosi O78 994 938 Veracruz 
Tamaulipas 064 010 960 Yucatan 
Zacatecas 048 970 924 Colima 
Aguascalientes 052 993 949 Chiapas 
Distrito Cuerrero 
Federal 046 940 923 Oaxaca 


1 
l 
1 
l 
l 
I 
l 
] 
Chihuahua 054 .027 993 Tlaxcala 1.050 885 0.869 
] 
l 
l 
| 
l 
l 
l 
| 
1 


that reduced their probability of death would, in so far as it had a genetic com- 
ponent, contribute to human evolution. 

We have already shown® that, under certain circumstances, the differential mor- 
tality might be demographically catastrophic. Since in a mild form the effect is 
very widespread, it is not unlikely that processes preventing its development to an 
extreme degree are of some importance. We would therefore tentatively suggest 
that the existence of a mild degree of sexually provocative behavior, which is nor- 
mally directed by small girls to their fathers and other adult males in contemporary 
societies, may function as a means of eliciting interest on behalf of such children 
in a cultural system that in many other ways is directed in favor of males. The 
genetic basis of variation in such behavior would presumably be of a very general 
nature, not necessarily sex-specific, involving rather simple variations in relative 
rates of maturation (ef. Hutchinson’), and would not be inconsistent with all the 
details of the behavior being culturally learned. At least the hypothesis provides 
a formal explanation of infantile sexuality in man as an adaptive function. At the 
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same time any evolutionary change accentuating this type of behavior is likely to 


alter the basis on which adult psychological structure develops. 

* This study was supported by the National Science Foundation (grant 17831). 

' Cowgill, U. M., Trans. Conn. Acad. Arts and Set., 42, 1 (1961). 

2 Cowgill, U. M., Amer. Anthropol., 64, 273 (1962). 

3 Cowgill, U. M., and G. Kk. Hutchinson, Human Biol., 35, 1 (1963). 

‘The United Nations data (1959) give an extraordinary ratio, consistent over a series of years, 
below unity for Iran. The figures are large and the results cannot be due to random fluctuations; 
we suspect a misunderstanding in reporting the data. British Honduras gives ratios below unity 
in some years but the figures are very small. 

5 United Nations, Demographic Yearbook (1959). 

®§ México, Direccién General de Estadistica, Anuario Estadistico de Los E.U.M. (1953). 
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DIRECT AND OPTICAL ASSAY OF LEAF MASS OF THE LOWER 
MONTANE RAIN FOREST OF PUERTO RICO* 


By Howarp T. Opum, B. J. CopELAND, AND Rosert Z. BRownT 
INSTITUTE OF MARINE SCIENCE, THE UNIVERSITY OF TEXAS, PORT ARANSAS 
Communicated by Theophilus S. Painter, January 31, 1963 


Comparative studies of structure and metabolism of large and ancient ecosystems 
such as the rain forest with a long evolutionary history of competitive survival may 
show the ability of complex and completely self-maintaining systems to use solar 
energy. Measurements made of chlorophyll, photosynthesis, and respiration per 
unit of leaf area can be multiplied by data on leaf area where available to obtain 
the parameters of structure and function of representative prisms of the ecosys- 
tem. For the rain forest, data for this purpose have not been forthcoming and sim- 
ple methods for such assay are needed. 

Means for measuring the total leaf density would also allow monitoring of the 
effects of radiation sources in forests. This communication reports the use of paired 
solar cells to monitor the optical density in a plot of the lower montane forest of 
Puerto Rico plus data on weights and areas of leaves in space prisms sampled within 
the plot for calibration. 

Working in grassy and shrubby communities with selenium cells, Monsi and Saeki® 
have already provided theoretical basis and justification for relating leaf structure 
and optical extinction. 

Study Area.—Studies were conducted in a research tract of the Luquillo National 
Forest in the El Verde area at 510 m elevation just below the access road at Marker 
K-4, H-4 in an area described as the Tabanuco type by Wadsworth.' In the area 
are numerous large trees 0.5-1 meter in diameter with tree heights ranging from the 
general forest top at 18 m to occasional emergent trees on the ridges up to 30 m. 
Topography is rugged generally with 50 degree slopes or greater, ridges alternating 
with deep ravines. Rainfall is 238 cm per year with greater than 10 em every 
month. 

Solar Cells.—As indicated in Figure 1, one solar cell (silicon cell, 1'/s by 1'/s in. 
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1.—Diagram of the vertical aluminum and chain prism apparatus erected within the 
montane forest with data on the fresh leaf weights by species from the prism collections in ten 
At the base are also given the totals per square meter of leaf dry weight, leaf area index, 
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columns. 
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dimensions, SIM of International Rectifier Corporation, I] Segundo, California) 
was waterproofed by enclosure in plastic and paraffin and clamped to a Cecropia 
tree so that the cell was emergent above the forest. A second cell selected for 
matching responses to the first was placed in various positions on the forest floor. 
The responses of both cell circuits were graphed together on semilog paper under the 
same daylight conditions with a series of glass plates as approximate neutral density 
filters. The resulting graphs were parallel and nearly straight, overlapping so that 
readings on the microammeter circuit of one cell could be converted to readings on 
the milliammeter circuit of the other. Thus, optical densities between the top 
and bottom cells were computed as the logy (top)/(ground). The forest limbs and 
leaves in diminishing the light by absorption, diffusion, and reflection permit many 
direct rays to reach the forest floor in sun flecks and in reflected and scattered rays. 
Since much of the light energy reaching the forest floor has not passed through 
leaves above, it has a similar spectral composition to that reaching the companion 
cell on top of the forest as already pointed out by Richards.? 

The solar cell has most of its sensitivity of response between 500 and 1000 mil- 
limicrons peaking at 800, and therefore is not as sensitive in the green as a selenium 
cell and is less affected by selective penetration of green light. From 700 to 1,000 
millimicrons, including most of the energy, the leaves are 40 per cent or more reflec- 
tive—serving to deflect and scatter these light components.* With weights of 
petioles and small limbs as great as the leaves per area, considerable light is also ex- 
tinguished by absorption and reflection from opaque structures. 

A 50-junction Eppley pyrheliometer and the solar cell were exposed together on 
the vertical ladder at column position 8 (Fig. 1) at 1400, October 16, 1962. Both 
instruments in general light (not sun flecks) showed approximately a straight line 
on semilog plot of intensity with forest depth, suggesting that solar cells may be 
used for optical density computations with approximate linearity in this situation. 
The pyrheliometer extinction coefficient was 0.115/m and the solar cell extinction 
coefficient was 0.106/m. 

Leaf Prisms.—To calibrate the optical density measurements in terms of the leaf 
density, leaf area, and chlorophyll “A,” a volumetric prism was erected in 10 loca- 
tions in the tract. An aluminum extension ladder was erected almost vertically 
and guyed by three */ i» in. wire cables, attached as indicated (Fig. 1). Through 
a pulley on the top of a bamboo pole bolted to the ladder were hoisted square quad- 
rate frames made of !/2in. aluminum tubing with an area of 3.76 m?, suspended by light 
and fresh weight of twigs and brush of diameter less than 2.5m. The position of the silicon solar 
cell is indicated on top of the forest. The numbers in the diagrams refer to the species listed as 
follows: 1, Cecropia peltata; 2, Dacryodes excelsa; 3, Euterpe globosa; 4, Alchornea latifolia; 5, 
Sloanea berteriana; 6, Cordia borinquensis: 7, Miconia sp.; 8, Chrysophyllum argenteum; 9, 
Oxandra lanceolata; 10, Eugenia Stahlii; 11, Nectandra sp.; 12, Micropholis garciniaefolia; 13, 
Ormosia Krugii; 14, Philodendron sp.; 15, Nectandra membranacea; 16, Marcgravia sp.; 17, 
Meliosma Herberti; 18, Lynociera domingensis; 19, Comocladia glabra; 20, Drypetes glauca; 21, 
Guarea ramiflora; 22, Miconia prasina: 23, Croton poecilanthus; 24, Inga vera; 25, Guarea rami- 
flora; 26, Duggenia hersuta; 27, Ichnanthes palens; 28, Psychotria brachiata; 29, Mikania pachy- 
phylla; 30, Alchorneopsis portoricensis; 31, Athyrocarpus persicartaefolius; 32, Ocotea leucorylon; 
33, unidentified fern; 34, Piper sp.; 35, Meliosma Herberti; 36, Nectandra antillana; 37, Myrica 
splendens; 38, Neorudolphia volobulus; 39, Didymopanax morototoni; 40, Bromeliad; 41, Pilea 
leptofolia; 42, Polypodium sp.; 43, moss; 44, Peperomia robustior; 45, broken fragments of 


species listed in column 10; 46, Begonia decandra; 47, Anthurium sp.; 48, Polytaeniomi faeci; 
49, unidentified; 50, unidentified. 
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chains so as to form a series of space boxes at 2 meter intervals, the lowermost two 
prisms 3 meters apart. Then one man, operating a pruning saw within the prism, 


trimmed the leaves to 20 m, dropping limbs and leaves for sorting. For each spe- 
cies representing a significant biomass (100 gm or more) ten leaves were taken for 
determination of area with planimeter and determination of dry weight after 24 
to 48 hr at 105°C. The area-to-wet weight and the dry-to-wet weight conversion 
factors were used to compute leaf areas and dry weights in the prism. 

Two species of trees had emergent branches above 20 m in some quadrats. Giant 
leaves of Cecropia peltata were counted from below by visual projection of the prism. 
Emergent portions of the dominant Tabanuco (Dacryodes excelsa) were estimated 
from a graph of leaf weight versus tree diameter based on 13 large trees.‘ The 
trunk diameter of the emergent trees with canopies over the prism provided esti- 
mates of leaf weight of the whole crown, which were 
prorated according to the crown area. A representa- 
tive limb of sun leaves of this species was cut to obtain 
1.72 as the ratio of leaf-to-brush weight of limbs less 
than 2.5 em. This conversion was used to estimate 
limb weight in the emergent portions of columns 3, 4, 
and 7 (Fig. 1). Column studies were done in pairs 7 m 
apart (1 and 2, 3 and 4, 5 and 6, ete.) with 14 m from 
one pair to the next. 

Results.—The type of light trace obtained with the 
recorder (see Fig. 2) shows the matching responses of the 
GROUND two cells used for computing the apparent optical den- 
sity. At 0800, October 13, the mean apparent optical 
density in a ravine at a somewhat sheltered angle was 
1.76. On top of the ridge it was 1.22; behind the ridge 
it was 1.90; and with the bottom cell located within 
sun fleck spots instead of within the general light field, 
a mean value was 1.15. The relatively high and varia- 
ble optical densities reflect. the varying paths of light 
entering the sharply changing angles of the rugged 
forest topography in the morning with the sun’s rays 

Fic. 2.—Recorder traces 2 @ low angle and transverse to the alternating ravine 
of top and ground solar cells and ridge structure. 

19, —— channel, October At noon on October 15, a mean apparent optical 

density was more uniform, 1.37 in the ravine and 1.38 
on the ridge. The sun at this time was 13 degrees south of the vertical and enter- 
ing the steep northward-facing slope at approximately 59 degrees from the normal 
to the forest plant, parallel to the ravine and ridge structure, thus minimizing local 
shadowing found in the morning data. 

In the afternoon at 1600 with sun falling almost perpendicular to the westward- 
facing slope, where the afternoon sun supports more than usual herbaceous vegeta- 
tion (lig. 1, col. 10), the mean apparent optical density observed was 0.90, the mini- 
mum value obtained. 

In Figure 1 are the data on the distribution of the leaves in the 10 prisms with 
totals at the base. The mean leaf area index referred to the vertical was 6.4 m?/m? 
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ranging from 1.95 in the palm-filled ravines to 12.6 on top of the Tabanuco-covered 
ridge. This value is similar to the 7.3 previously computed with assumptions 
about leaves in a plot at Sabana.‘ Ogawa, Yoda, and Kira,® computing data of 
Aubreville and Jones and using some data conversions from Thailand, report 8.5 
for tropical rain forest of the Ivory Coast and 9.5 from Nigeria. 

® If the value of 6.4 m? of leaves per m? of horizontal plane is projected to the forest 
normal by using a cosine of 50 degrees for the land slope, a value of 4.5 results 
corresponding to the optical density of 0.90. If projected to an angle with the ver- 
tical of 13 degrees to correspond to the angle of the sun’s incidence at noon, a leaf 
area index of 7.5 corresponds to the apparent optical density at noon of 1.37. Calli- 
bration of optical densities were thus made with trigonometric projection of leaf 
prism data along the light path. 

® Following Monsi and Saeki® the extinction coefficient per unit of leaf area (K) 
is related to the leaf area index (F), the incident light (Jo) and the interior light (7) 
with the relation 7 = Jo exp —KF. For the Tabanuco forest this extinction co- 
efficient K is 0.18, close to that predicted by Monsi and Saeki® as optimal for a com- 
munity adapted to high light intensities, where the component leaves possess a 
Michaelis hyperbolic relationship of photosynthesis per leaf to light intensity. 

The mean coefficient of variation (standard deviation/mean) for 5 groups of 
replications on the ridge was 12.3 per cent (12.9, 11.9, 12.9, 9.7, 14.1); for 4 groups of 
replications in the ravines and behind ridges where optical paths were longer, the 
mean value was 7.2 per cent (12.4, 5.5, 8.6, 2.4). These values indicate more homo- 
geneity in optical densities from light data compared to prism determinations with 
a coefficient of variation of 97.6 per cent. 

Using optical density as a measure of the leaf and limb biomass just as in color- 
imetry, a rapid means is thus provided for appraisal of the state of forests regarding 
their principal producing tissues. In the Tabanuco type of the lower montane rain 
forest of Puerto Rico, an optical density of 1.2 is equivalent to a leaf fresh weight 
of 2297 gm/m2 (including supporting limb structure), a dry weight of 812 gm/m/?, 
and a leaf area of about 6.4 m?/m?. Since other kinds of forests have leaves of 
other textures, prism calibrations will be required of each. 

As an example of the use of leaf data, one may estimate the chlorophyll “A” for 
this area of the lower montane rain forest by multiplying the leaf area index of 6.4 
by the mean chlorophyll “A” per area of leaf of 0.34 gm/m? for 19 species (from an 
unpublished manuscript by Odum, Abbott, Selander, Golley, and Wilson’) to ob- 
tain 2.2 gm/m?. 

Using a net photosynthetic rate of 0.10 gm Cm? of leaf area typical of some meas- 
urements within the crown and middle story of this forest,’? one may compute a 
forest photosynthetic rate of 0.64 gm C/m?/hr. Using half of 400 kilocalories per 
hr insolation per square meter in the middle of the day as photosynthetically avail- 
able and a conversion of 8.6 K-Calories per gram, one may compute about 3 per cent 
efficiency of net photosynthesis. 

These chlorophyll and efficiency values are not unlike those of other natural and 
engineered photosynthetic systems operating on sunlight. If, in the rain forest’s 
long evolutionary history, natural selection has already worked toward maximum 
yield, the ordinary values found in this ancient ecosystem may imply inherent 
limits of a thermodynamic nature. 
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RADIATION RECOVERY ENHANCED THROUGH INHIBITORS OF 
PROTEIN SYNTHESIS AND AMINO ACIDS 


By Auvin V. Bearry AND JEANNE W. Bearry 
EMORY UNIVERSITY, ATLANTA, GEORGIA 
Communicated by Karl Sax, February 25, 1963 


Over a period of several years we have sought to develop a procedure where ini- 
tial damage from radiation and recovery from this damage could be examined 
individually. The production of two-hit chromosomal aberrations by X rays in 
the microspores of T'’radescantia paludosa in a helium gas atmosphere has provided 
a means for this type of investigation. 

With a total dose of 400 r at 30°C, we found that in helium there was no time- 
intensity factor. That is, irradiation at 1 r per min gave the same aberration 
yield (0.66 per cell) as a pretreatment in helium for equal period of time, 400 min, 
followed by irradiation at 50 r® or at 400 r (unpublished) per min. Also, with no 
pretreatment in helium but with irradiation, both at 50 r® and 400 r’ per min, 
the aberration yields were the same. Furthermore, the data from fractionation 
experiments, where the total dose of 400 r was given in two equal amounts, showed 
that the second fraction could be given from 0-1!/, hours after the first without 
modifying the aberration yield.* With a longer period of time between the two 
fractions, the aberration yield actually increased.’ All these data lead us to the 
conclusion that the breaks which are capable of becoming involved in forming 
two-hit aberrations remain open during experimentation in helium. 

Additional experimental data which add to the usefulness of the above indicate 
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that when excess energy is made available within the cell, the aberration yield can 
be decreased to 0.09 per cell, and when energy is limited within the cell, an increase 
to 0.66 per cell®: © can be obtained. The utilization of these approaches in studying 
radiation damage provides a rather sensitive method for measuring the influence 
of various chemical compounds on the recovery process. The initial problem un- 
der investigation was the effect of inhibitors of protein synthesis on chromosome 
repair, but subsequent data necessitated also studying the influence of some of the 
amino acids on chromosome repair. 

Dihydrostreptomycin, puromycin, and chloramphenicol, which were used in these 
experiments, have been reported by several investigators to inhibit protein synthesis 
by preventing the amino acid transfer from S-RNA to protein. Among such re- 
ports for dihydrostreptomycin are those of Erdés and Ullmann," Stachiewiez and 
Quastel,'’ and Eaton and Caffrey;’ for puromycin, Yarmolinsky and De La Haba,” 
Nathans and Lipmann,'® and Gorski, Aizawa, and Mueller;'* and for chlorampheni- 
col, Brock® (a review of 102 papers), and Yee, Pan, and Gezon.*! While protein 
synthesis is inhibited by these antibiotics, a number of other processes in the cell 
are only slightly or not at all affected. Some of these are the synthesis of RNA, 
DNA, nucleotides, phospholipids, polysaccharides, cell walls, and simple peptides 
such as glutathione. The antibiotics do not inhibit oxidative, hydrolytic, or de- 
gradative processes, the uptake of metabolites into the cell, or the rate of ATP 
generation within the cell. 

Materials and Metheds.—\nflorescences of Tradescantia paludosa were removed 
just prior to use from plants growing in the greenhouse and after treatment re- 
turned to the greenhouse in beakers of water which were placed in a constant- 
temperature chamber of 30°C. Acetocarmine preparations were made of the mi- 


crospores 96 hr after irradiation and chromosomal aberrations of the ring and di- 


centric types were scored. 

All X-radiations were given at 30°C and at 50 r per min for 8 min. All irra- 
diated material was posttreated for 15 min in the gas used during irradiation. 

The inflorescences to be treated with one of the chemicals were cut to 2!/> in. 
in length and placed in a 50 ml beaker, into which 50 ml of the solution was poured. 
All experimental material was preirradiatively treated in the solution in air for 
1'/. hr. 

The dihydrostreptomycin sulfate, puromycin dihydrochloride, and the amino 
acids were obtained from the Nutritional Biochemicals Corporation, while the 
chloramphenicol was obtained from Parke, Davis and Co. from Lot No. 185212 A, 
which was made up for investigational purposes. The amount of chemical used in 
‘ach experiment is given with the experimental data. 

Results and Discussion.—In order to determine whether any of the three anti- 
biotics had any radiomimetie properties, inflorescences were placed for 1!/. hr 
in the most concentrated solution for each chemical used. Acetocarmine prepara- 
tions were made 96 hr later. In each of the three experiments, 500 metaphase con- 
figurations were examined for aberrations of the ring and dicentric types. No 
such aberrations were found. 

Three control experiments were carried out for the data reported here on anti- 
bioties. In each of two experiments 500 metaphase configurations were observed, 
while in one only 300 were counted. The combined results indicate that the chro- 
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TABLE 1 


E-rrect OF PREIRRADIATION TREATMENT IN ANTIBIOTICS ON ABERRATION YIELD IN 7'radeseantia 
MIcROSPORES 


mg/100 ml of Avy. interchanges 

Treatment water No. cells per ce 
Control 1300 0.24 + 0.01 
Dihydrostreptomycin 146 500 0.21 + 0.02 
‘6 rip 500 0.19 + 0.02 
= 36 500 0.14 + 0.02 
" re 500 0.16 + 0.02 
Puromycin 500 0.17 + 0.02 
be oO 500 0.21 + 0.02 
* 27 500 0.22 + 0.02 
j 500 0.21 + 0.02 
Chloramphenicol { 500 0.17 + 0.02 
af 500 0.18 + 0.02 
= ‘ 450 0.17 + 0.02 
- 3.5 500 0.16 + 0.02 


mosome aberration yield was 0.24 + 0.01 per cell (Table 1). Any chemical treat- 
ment of the material whieh in any manner prevented rejoiming would be expressed 
in an increase in aberration yield, while any treatment which facilitated rejoining 
in any manner would result in a reduction in aberration yield. (The extremes so 
far obtained with other methods under the same experimental conditions are a low 
of 0.09 aberrations per cell and a high of 0.66.) 

Four different solutions of dihydrostreptomycin were used, representing a range 
in concentrations from 7.5 mg/100 ml of water to 146 mg/100 ml. In all four ex- 
periments the aberration yields (Table 1) were less than the control value of 0.24. 
The two lower concentrations of the antibiotic used, 36 and 7.5 mg produced the 
greatest effect by reducing the aberration yield to 0.14 and 0.16 per cell. 

The concentrations of the four solutions of puromycin used ranged from 6m g¢/100 
ml of water to 110 mg, all of which resulted in aberration yields lower than the con- 
trol. With this antibiotic the highest concentration used, 110 mg/100 ml, gave the 
lowest aberration yield, which was 0.17 per cell. 

The four different concentrations of chloramphenicol used, 90, 60, 30, and 6.5 
mg/100 ml of water, all produced about the same reduction in aberration yield, 
around 0.17 per cell. 

In general the expression of all three inhibitors of protein synthesis was a reduc- 
tion in aberration yield from that of the untreated control irradiated in helium. 
The reduction in aberration yield is interpreted as indicating that, in this material, 
not only is protein synthesis not necessary for chromosome rejoining, but related 
to the action of the drugs, some additional energy is made available for chromosome 
rejoining, thereby bringing about a decrease in chromosomal aberrations. 

Since the action of these antibiotics is rather specific, in that they prevent the 
amino acid transfer to protein, the additional energy realized from their use could 
come both from the absence of protein synthesis and from the accumulation of 
amino acids. In relation to the first suggestion, Yarmolinsky and De La Haba” 
and Hoagland™ found that ATP is used in the amino acid transfer from S-RNA to 
protein. Thus, inhibition of protein synthesis could make more ATP available 
within the cell. Beatty and Beatty‘: > have shown in T'radescantia that the use of 
exogenous ATP, under the same experimental conditions used here, reduces the 
aberration yield from 0.24 of the control to 0.14 per cell. In relation to the second 
suggestion, Hancock!‘ found a rapid increase in the size of the free amino acid pool 
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after addition of chloramphenicol to the cultures and that this rate of aecumula- 
tion in the pool becomes quite close to the rate at which these amino acids had been 
incorporated into proteins. [stimations were made of 12 major components which 
constituted approximately 70% of the total pool in normal cells. These were glu- 
tamic acid, asparatic acid, proline, histidine, glycine, alanine, lysine, valine/me- 
thionine, and leucine/isoleucine/phenylalanine. The minor components which 
were present in very small amounts were serine, threonine, cysteine, tyrosine, 


tryptophan, and arginine. 

I-xperiments were carried out with 7'radescantia using these eighteen amino acids 
in addition to ornithine, cystine, citrulline, and hydroxy proline. In all cases the 
inflorescences to be used were treated in air for 1'/> hr in solutions at the concentra- 
tions listed in Table 2 and irradiated in helium. The results in Table 2 indicate 


TABLE 2 


INFLUENCE ON CHROMOSOMAL ABERRATION YIELD OF 1!/, Hk PRETREATMENT IN AMINO ACID 
SOLUTIONS FOLLOWED BY IRRADIATION 
Treatment No. cells Av. interchanges per cell 

Helium control 2300 0.24 0.01 
L citrulline 3 & 1073 M 500 0.14 0.02 
L histidine 3 & 1073 M 500 0 0.02 

ms 6 xX 1073 M 500 0. 0.02 
L proline 3 X 1073 M 500 0. 0.02 

sa 6 xX 107° M 500 0. 0.02 
L glycine 1.5 X 1073 M 500 0. 02 

= 3x 107° M 1000 0. O01 

a 1x 10? M 500 0. .02 
DL phenylalanine 1.5 « 107% M 500 0. .02 
L cysteine 1.5 X 1073 M 500 0. 02 
L isoleucine 1.5 K 1073 M 500 0 02 
L alanine 3 X 1073 M 500 02 
L threonine 3 X 1073 M 500 02 
DL serine 3 & 1073 M 500 02 
Hydroxy L proline 3 X 1073 M 500 02 
L valine 3 X 1073 M 500 02 
L methionine 3 « 1073 M 500 02 
L, tyrosine 1.5 X 1073 M 500 02 
DL cystine 1.5 K 107-5 M 500 02 
DL aspartic acid 3 X 1073 M 500 02 
L arginine 3 X 1073 M 400 2 .02 
L ornithine 3 X 1073 M 500 2: .02 
L tryptophan 3 X 1073 M 500 ’ 02 
L lysine 3 X 107% M 200 24 04 
DL leucine 1.5 X 107-3 M 500 24 + 0.02 
L glutamic acid 1.5 K 1073 M 200 .24 + 0.04 


we ) I~! € > uN 
HHH HHRHHRHHHHHEHHHEHEREEH 


that the effect of many of the amino acids is shown by the reduction of the aberra- 
tion yield. Citrulline, histidine, proline, glycine, phenylalanine, cysteine, isoleu- 
cine, alanine, threonine, and serine definitely reduced the aberration yield with the 
first three listed being most effective. Hydroxy proline, valine, methionine, 
and perhaps tyrosine had doubtful effects, while cystine, asparatic acid, arginine, 
ornithine, tryptophan, lysine, leucine, and glutamic acid had little or no effect. 

The amino acid effect found in these experiments is believed to have been ac- 
complished through the acquisition of additional energy for chromosome rejoining 
in the treated material in contrast to the nontreated material. This conclusion is 
based upon the results from other experiments where postirradiative treatment of 
material for 1'/. hr in ATP,‘ potassium gluconate,‘ and glutathione’ gave the same 
results as the preirradiative 1'/, hr treatment, indicating that the effect was on the 





438 GENETICS: BEATTY AND BEATTY Proc. N. ALS. 


recovery process rather than on initial damage or by a protective process during 
irradiation. Energy from amino avids whether supplied exogenously or endogen- 
ously by an increase in the amino acid pool could come from the operation of in- 
hibitory feedback mechanisms and from catabolism of amino acids. Ames and 
Hartman? stated that histidine production in Salmonella is regulated by two con- 
trol mechanisms, histidine inhibition of the first enzyme and histidine repression 
of the synthesis of all the histidine biosynthetic enzymes. In the synthesis of his- 
tidine ATP is utilized. If in Tradescantia the same biosynthetic pathways exist, 
the ATP gain through inhibition of this pathway through an increase in histidine 
content in the cell could be used by the chromosomes for rejoining. Similar feed- 
back mechanisms could account for additional energy. 

Since proline was one of the three most active amino acids in reducing aberration 
yield, it will be used to illustrate how additional energy could be derived from eatab- 
olism of an amino acid. In the change of proline to pyrolline carboxylate by 
the enzyme proline dehydrogenase, DPNH is produced. Beatty and Beatty® 
have shown that a concentration of 1.5 & 1078 AJ of DPNH was able to reduce the 
aberration yield from 0.24 of the control to 0.11 per cell. Thus, the catabolism of 
proline as illustrated or of other amino acids could provide additional energy in 
the cell which could be used for chromosome repair. 


Several investigators using other materials have reported increased recovery from 
radiation damage following the use of these antibiotics. Gillies and Alper!? found 
that in Escherichia coli B the lethal effects both of X rays and ultraviolet light 
were greatly reduced if the bacteria were incubated for a period after irradiation on 


solid medium containing chloramphenicol. Allison et al.! reported that under their 
experimental conditions the total number, as well as the number of viable cells, 
of Escherichia coli in liquid BHI culture increased for a considerable period of time 
after the addition of chloramphenicol. Gale and Folkes!! observed stimulation of 
RNA synthesis by chloramphenicol in Staphylococcus aureus; Yee, Pan, and Gezon?! 
reported similar results in Shigella flerneri 3 B-1003; and Rabinovitz and Fisher" 
reported that the labeling of soluble proteins was doubled in Ehrlich ascites cells 
treated with puromycin. Wolff,'® however, did not find a decrease in chromosome 
aberration yield in Vicia. By administering an antibiotic between two doses of 
radiation, he found that the breaks from the first dose remained open for at least 
75 min, in contrast to 30 min for the controls. 

The recovery from radiation damage in T'’radescantia as measured by chromosome 
aberrations seems to be an energy-related phenomenon which can be manipulated, 
within limits, by modifying the amount of energy within the cell, either by exoge- 
nous or endogenous means. We believe that the reduction in aberration yield in 
the experiments reported here came about through the release of additional energy 
within the cell initiated by the treatment of the material with the inhibitors of 
protein synthesis and with some of the amino acids. 

Summary.—Tradescantia inflorescences which were preirradiatively treated 
for 1'/, hr in protein inhibitors, dihydrostreptomyein, puromycin, or chloramphe- 
nicol, and irradiated in helium, gave lower chromosomal aberration yields than did 
the chemically untreated controls, indicating that, in these experiments, protein 
synthesis was not necessary for chromosome rejoining and that material treated with 
these antibiotics showed more recovery from radiation damage than the controls. 
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The recovery is thought to be due to the presence of additional ATP brought 
about by the inhibition of protein synthesis and through the addition of amino 
acids in the pool. The amino acids could provide additional ATP through in- 
hibitory feedback mechanisms and the catabolism of amino acids. ‘The exogenous 
use of citrulline, histidine, proline, glycine, phenylalanine, cysteine, isoleucine, 
alanine, threonine, and serine reduced the aberration yield to a value approximat- 


ing that obtained with the antibiotics. 
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DECREASE OF POPULATION FITNESS UPON INBREEDING 
By C. C. Li 
GRADUATE SCHOOL OF PUBLIC HEALTH, UNIVERSITY OF PITTSBURGH, PENNSYLVANIA 


Communicated by Theodosius Dobzhansky, February 26, 1963 


The discussion in this communication is confined to two types of stable genetic 
‘equilibria with respect to a single locus. One is that due to higher reproduction of 
the heterozygote (Aa) over the homozygotes (AA and aa), and will be referred to 
as the heterotic equilibrium for brevity. Another is that selection balanced by 
recurrent mutations and will be referred to as the mutational equilibrium. Both 
types are known to exist in natural random mating populations and examples of 
“ach type may also be found in human populations. 

Inbreeding, as exemplified by consanguineous marriages in man, increases the 
frequency of homozygotes in the population and decreases the frequency of heter- 
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ozygotes. In recent years it has been claimed! that mortality and morbidity 
data on inbred offspring from consanguineous marriages enable us to decide whether 
deleterious genes (causing disease or death) have been maintained by heterotic or 
by mutational equilibrium, because, it is said, these two types of genes have dif- 
ferential response to inbreeding. This claim has stimulated a number of inbreeding 
studies and review of old ones. Inference has been drawn that the deleterious 
loci must be in mutational equilibrium. The conclusion of the present analysis, 
however, directly contradicts the current belief. 

Heterotic Equilibrium.—Let w:, we, ws be three numbers to denote the relative 
“fitness”? (reproductive ability) of the three genotypes AA, Aa, aa, respectively. 
It is the ratio w):we:w3 that specifies the selection force. The case w, < we > ws 
leads to heterotic equilibrium. In Table 1 are shown three arbitrary systems of 
notation for the w’s and 


Ww : We : W3 

1+ Hs :1l-—s 
1-—?t: 1 :l=r 
1—b: 1+ Ybe: l—e 


so that the three systems of notation are describing the same selection scheme. 
The letters s, f, 7, b, and ¢ are all positive fractions and H is positive. The fre- 
quencies of alleles A and a are denoted by p and q, where p + q = 1. At equilib- 
rium, the gene frequency after the operation of selection must be equal to that 
before selection. Hence, the equilibrium condition is, in general, 


paws + qrws 
Rf) eee ae > 
p*u, + 2pqu. + qrws 
which leads to the solution 
Ws — UW, 


q = - _ - e 
(We — Wi) + (We. — Ws) 


TABLE 1 
EQUILIBRIUM GENE FREQUENCY AND AVERAGE FITNESS OF A RANDOM MATING 
POPULATION UNDER THREE SYSTEMS OF NOTATION FOR FITNESS (w) 
Frequency System I System II System III 
w w 


Genotype J w 


AA p? 1 mr Ls 
Aa 2pq 1+ Hs 1+ Vbe 
aa Th l1—s —T?T l1—c 
- t Vb 
1+ 2H r+t Vb + Ve 
Average wo 1 + Hsq 1 — rq 1.00 


Equilibrium q 


The explicit expression for the equilibrium value of q under each system is shown 
in Table 1. It may readily be verified that 


H a Bos V/b 
l+2H r+t wvbdt+wve 


by virtue of the conversion relationships from one system to another: 
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at _ # Hs siete i-e ( 
’ ith 112° she Tae ) 


1—b b+ Vbe | l—e c + Vbe 


 "i+en Feu 66°C Cee 


l be 
H = ) + Vbe 


(I-11) 


7 b+ Vobe _e—b 
~ es Sy eee Bese 


Hs (I-III) 


c—b 
Since w; > w; in our example, we have ¢c > b, so that ¢ — b is positive in the expres- 
sions above. 

The equilibrium value of q is thus ¢nvariant with regard to arbitrary systems of 
notation. It is evident that this is the case from the general expressions. It is 
due to this invariant property of equilibrium that geneticists usually pay little 
attention to systems of notation. 

The Average Fitness. -When we come to quantities that are not invariant with 
regard to notation systems, each arbitrary system will exhibit its own peculiar 
properties (artefacts, if you wish) which require special interpretation from a 
particular point of view. For instance, the so-called average fitness of the 
population 


WW = fw = p*u, + 2pqwe + qrws 


is such a quantity. The subscript 0 indicates random mating. The quantity 
@) varies from system to system and does not have a constant meaning by itself. 
Its value at equilibrium condition is given in the bottom row of Table 1, showing 
that under system I, it is always greater than unity; under system II, it is always 
smaller than unity; and under system ITI, it is exactly unity. And yet it refers 
to the same population, subject to the same selection scheme, and with the same 
equilibrium condition. Evidently, @ does not represent any inherent property 
of a population at all. The value of @ of one population obtained from one system 
of notation cannot be directly compared with the @ of another population obtained 
from a different system of notation. 

The particular meaning of @ in our example is as follows. System J: If the 
allele a is absent from the population, all individuals (AA) would have the same 
fitness and there is no genetic selection. We describe this situation by saying that 
the population has an average fitness of unity. Then @ = 1 + Hsq means that 
the population as a whole is better off with allele a than without it, because of the 
higher reproductive ability of the heterozygotes. System JJ: The highest fitness 
value, of whatever genotype it happens to be, is taken as the “standard.”’ In this 
‘ase, the fitness of Aa is the standard with which the other genotypes are com- 
pared. Then @ = 1 — rq means the population is worse off than the hypothetical 
(nonexistent in nature under panmixia) population consisting of nothing but 
heterozygotes. The expression @ = 1 — rq is merely another way of saying that 
the heterozygote has the highest fitness value. System J/I: Since equilibrium 
implies that the population remains the same from generation to generation, the 
selection scheme neither confers any gain nor inflicts any loss on the population. 
Then @ = 1 simply means that the genetic composition of the population stays 
the same way under the prevailing condition. It is important to note that there 
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’ 


is no contradiction among the three “interpretations,” each being a statement 
from a particular viewpoint. On the other hand, it is clear that no fixed and 
intrinsic meaning can be attached to @p. 

Krom the general expression for g, we see that widely different selection schemes 
may lead to identical equilibrium conditions. Other difficulties in interpreting 
values of @» have been discussed by the author? previously. 

Decrease in Average Fitness on Inbreeding.—In order to amplify the effect of 
inbreeding on the average fitness, we render the existing equilibrium population to 
complete homozygosis without changing its gene frequency. This is equivalent 
to making each allele (A and a) in the existing population double itself, so that 
there will be p AA and q aa in the complete homozygous state, where the p (or q) 
is the same as that in the original random mating equilibrium population. The 
values of the new average fitness, @, are given in Table 2, where the subscript 
1 denotes the state of complete homozygosis. Comparing the @ of Table 1 with 
@, of Table 2, we see that the latter is smaller than the former under all systems of 
notation. It is a biological fact that inbreeding decreases the average fitness of a 
heterotic population. The problem is how to assess the decrease. What sort of 
an index should we use to measure the extent of the decrease? 


TABLE 2 


AVERAGE Firness OF A COMPLETELY HomozyGous POPULATION WITH THE 
SAME GENE FREQUENCY AS IN TABLE | 
Frequency System I System IT System III 
Genotype tf w w w 
AA l 1-—t 1—b 
aa l-—<s l-r l-—c 


Average p 1 — sq 1 — 2rg 1 — Vbe 


Using notation system II, Crow (1958) defines the quantity L = 1 — @ as the 
“genetic load” of a population. Thus, at the random mating state, the load is 
Ly = 1 — ® = rq = rt/(r +t); and at the homozygous state, the load is Z,; = 
Ll — ® = 2rq = 2rt/(r +2). From this observation he concludes that the doubling 
of genetic load (1/4) = 2) by inbreeding is characteristic of a heterotic equilibrium 
population, apparently without realizing that this is only a consequence of the 
particular notation system he has adopted, and not an inherent property of the 
population at all. This is made amply clear by the accompanying systems I and 
III which, to be sure, are describing exactly the same event. Under system I, 
the definition of load gives Ly) = —Hsqg, and L, = sq, so that L/L) = —1/H which 
may be very large or very small numerically but always negative. Under system 
III, Lo = O and the ratio Z,/Lo is “infinity.” This shows that the concept of 
genetic load, as defined by 1 — @, is not usable to measure the extent of decrease 
in average fitness, because @ itself varies from system to system. 

Any true measurement of the decrease in average fitness must be an invariant 
with regard to the arbitrary notation systems. The simplest index for this purpose 
is the ratio ®,/@p which remains the same, whatever the notation system. That is, 


1 — sq 1 — 2rq 
= - — ee 
1+Hg 1-99 Vibe, 


as may be readily verified, using the conversion relationships (I-II, ete.). Hence, 
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the ratio @,/@ describes an inherent property of the population. The fraction 
1 — @/®% = Vbe measures the percentage decrease of the average fitness fora 
heterotic equilibrium population when rendered to complete homozygosis. 
| poy yg 
When the two extreme values, ® and a, are known, the average fitness of a 
population with any inbreeding coefficient (F) may be readily obtained by the 
relation 


De = (1 — Fim + FR = mh — Fh — 


The decrease in average fitness is then measured by the ratio 


Up 8g Hs ( 
r=1 -F( = ‘) = 1 -F(; = ) =1- FV be 


Wp l + Hsq = rq 


which is invariant with regard to notation systems. When F = 1, it reduces to 
,/@. For the special group of offspring from first cousin marriages, the per- 
centage decrease is !/\.+/be. 

Mutational Equilibrium.—The_ selection scheme for mutational equilibrium 
is W, > Ww. > ws, so that the decrease in q due to selection in each generation is 
balanced by new mutations from allele A to allele a. Let the three fitness values be 


l, l— As, 1 —4, 
where h and s are both positive fractions (analogous to system I). The equilibrium 


condition for a random mating population is 


J p— pqghs \ 


p = u) 


(1 — 2pqhs — q’s) 7 


which simplifies to 
(1 — hsq)yp = sq(q + h — 2hq) 


where uw is the mutation rate from allele A to allele a per generation. The average 
fitness at equilibrium is 


Wp = (1 —_ hsq)(Q — bt). 


Again, @ varies from system to system and has no fixed meaning. Its properties 
are strictly peculiar to the particular notation system employed. In our example, 
h = O implies that the deleterious gene is recessive. The equilibrium condition 
would then be w = sq? and ® = 1 — sq? = 1 — uw. In the general case where 
h # O, the factor (1 — yu) of ® may still be regarded as due to selection against 
homozygote aa and the factor (1 — Asq) as due to the additional selection against 
heterozygote Aa. 

When this population is rendered to complete homozygosis without changing 
the gene frequency, the average fitness will be @, = 1 — sq. The relative decrease 
in population fitness is measured by the invariant ratio 


1 — sq 1 — xq 


> heterotic). 
(1 — hsq)(1 — pw) 1+ Hsq (heterotic) 


(mutational) 


We see that the ratio @,/@ for a heterotic equilibrium population is always smaller 
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than the corresponding ratio for a mutational equilibrium population. In other 
words, the relative decrease in population fitness upon inbreeding is always greater 
for a heterotic equilibrium population than for a mutational one. 

Crow’s conclusion is exactly the opposite to ours. The reason is, again, that 
he uses the ‘‘mutational load” rather than an invariant index. When q is small in 
comparison with A, the equilibrium condition is then «4 = Asq approximately, and 
@p = 1 — 2hsq. In his terminology, the respective loads are L; = sq, and Ly = 
2hsq, so that L,/Lo = 1/2h. If A is somewhere between 0.02 and 0.05, the load 
L, would be 10 to 25 times as large as Lo! On the other hand, LZ; = 22 under 
system II for a heterotic equilibrium population. Combining these two artefacts, 
he reaches the startling conclusion that the population fitness decreases on inbreed- 
ing to a much greater extent for a mutational equilibrium population than for a 
heterotic one! The evidence based on the ratio ®/@» points to the contrary. 

Similarly, for a population with inbreeding coefficient F, the “load” = 
hs[2pq(Q1 — F)| + sl[q?(1 — F) + qgF] cannot be directly used for any comparison 
purpose. 

A very interesting special case is that when we = !/o(w; + w3); that is, h = '/2 
under the particular notation system employed in our example. Then the equilib- 
rium condition becomes u = '/2sq/(1 — 4/ssq), and the average fitness is 


@ = (1 — '/28sq)(1 — uw) = 1 — sq = % = De. 


There is no decrease in average fitness at all with any degree of inbreeding. (lor 
a heterotic population, there is necessarily some decrease.) Furthermore, when 
U2 is closer to w; than to w, (that is, A > '/2), there will actually be an increase in 
population fitness! 

Discussion.—The foregoing analysis is algebraically exact and involves no 
approximations. (The approximation ~ = hsq is Crow’s.) It is intended to 
bring out all the details of the problem. However, even without the analytical 
exhibition, the qualitative result should be obvious to everyone. The two selection 
schemes considered are as follows: 


AA Aa aa 
heterotic Wi < We > Ws 
mutational Ww, > We > Ws 


Inbreeding eliminates Aa from the population. In the heterotic case, it eliminates 
the individuals with the highest fitness. In the mutational case, it eliminates the 
individuals with the intermediate fitness. It follows that inbreeding will cause a 
greater drop in population fitness for a heterotic population than for a mutational 
one with the same gene frequency. 

To study exact algebraic relationships is one thing. To draw useful conclusions 
from observed data is quite another. Although we have shown that the decrease 
in population fitness is greater for a heterotic population than for a mutational 
one, the actual difference is very small indeed, because hsq, u, and Hsq are very 
small quantities for rare harmful genes. Hence, our practical conclusion is that 
the two types of genes (with the same frequency) do not respond to inbreeding 
differently to any appreciable extent. This could be a great disappointment to 
those who rely on consanguineous data to distinguish the genes of one equilibrium 
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type from another. Inbreeding studies are essentially studies of rare gene fre- 
quencies in the existing population rather than how and why the gene is maintained 
in the population. 

Summary.—The extent of decrease in population fitness on inbreeding is measured 
by 


D average fitness at complete homozygosis state 


Dy average fitness at random mating state 
Populations in heterotic equilibrium show a greater percentage decrease than 
populations in mutational equilibrium, but the difference is very small for rare 
genes. Mortality and morbidity data on inbred offspring from consanguineous 
marriages cannot distinguish genes in one type of equilibrium from those in another. 
The current concept of genetic load is based on artefacts rather than on inherent 
properties of populations, and it leads to erroneous conclusions. 


‘Crow, J. F., “Some possibilities for measuring selection intensities in man,’’ Human Biol., 
30, 1-13 (1958). 

?Li, C. C., “Mutation, selection, and population fitness,’’ in Mutation and Plant Breeding, 
NAS-NRC Publ. No. 891 (1961), pp. 30-47. 


SOMATIC RECOMBINATION IN: PSEUDOWILD-TYPE CULTURES OF 
NEUROSPORA CRASSA* 


By Tuap H. PirreNcer AND Marie B. CoyLe 
DEPARTMENT OF AGRONOMY, KANSAS STATE UNIVERSITY 


Communicated by David M. Bonner, February 14, 1963 


9 


In the original investigations’: ? of pseudowild-type strains, or heterokaryons 
believed to originate as nondisjunctional disomics in crosses of linked mutants, it 
was hoped that certain of these strains would prove to have some degree of stability 
and might serve experimentally as a source of intranuclear heterozygosity. It 
was possible to show, however, that the disomic (n + 1) condition was unstable and 
the pseudowild-type (PWT) cultures became heterokaryotic during growth.’ 
Subsequent studies on the stability of disomic nuclei indicated that in a significant 
proportion of PWTs haploidization may have occurred by the end of the second 
postmeiotic division.* Analyses of crosses of PWT strains have failed to reveal 
any evidence of stable disomic nuclei, and the multinucleate condition of the conidia 
has prevented ruling out the existence of some disomic nuclei in mature cultures 
because of the problem of distinguishing a conidium which contains a heterozygous 
nucleus from one which is heterokaryotic. An analysis of a limited number of 
microconidial (uninucleate) PWT cultures indicated that disomic nuclei were rare, 
if present at all, but the presence of a few binucleate conidia in such strains made it 
difficult to determine unequivocally whether the rare conidial-derived cultures, 
‘capable of growth on minimal medium, originated from disomic nuclei or hetero- 
karyotie conidia. In spite of the known heterokaryotic nature of PWT cultures, 
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convincing evidence'~* has been presented regarding the disomic origin of many 
PWT strains of which a detailed analysis has been made. 

Although we shall continue to refer to PWTs as heterokaryons originating as 
heterozygous disomic nuclei, the origin of some PWTs may still be questioned. 
lor example, many laboratories use the wild-type strains 744A and 73a isolated by 
St. Lawrence. It is our understanding that one of the reasons these strains were 
selected was because they were free of chromosome aberrations and because aborted 
spores in crosses involving such strains were nearly absent. Many investigators 
working with mutants induced in these wild types have found that the frequencies 
of PWTs in such crosses were abnormally high in comparison to earlier reports, ? 
and often were as great as one per cent, or even greater.!. Dr. Mary Case, who 
noted this in crosses involving complementing allelic mutants at the pan-2 locus, 
first called it to our attention several years ago. The high proportion of PWT’ in 
the progeny of various crosses involving mutants induced in 74A leads one to expect 
a correspondingly high frequency of asci with some aborted spores if the PWTs 
originated by nondisjunction. However, cursory examination fails to disclose a 
high enough frequency of such asei with two or four aborted spores to account for 
the large number of PWT’ found in the progeny of such crosses. This suggests 
that not all strains classified as PWT need have the same origin and that various 
types of aneuploids may have properties characteristic of PWTs, e.g., heterozygosity 
of certain loci. That this indeed may be the case was first suggested to us in 1960 
by Dr. Mary Case (personal communication), who had evidence of aneuploid types 
isolated from asci with eight viable spores. Since this manuscript was first pre- 


pared, a report by Threlkeld® regarding 5:3 asci has appeared which also indicates 
that aneuploids, possibly in the form of telocentric chromosomes, can be recovered 
from asci with eight viable spores. Such cases (since they involve aneuploidy and 
heterozygosity of certain alleles, although they do not involve duplication of entire 
chromosomes) would have some of the properties of PWT cultures, and might 
account in part for the high proportion of the aneuploid types recovered from crosses 


involving 74A. 

In the experiments reported below, it was our original intent to obtain information 
on whether the homokaryons recovered from PWTs involving linked mutants were 
largely noncrossover types, as might be expected if they had failed to pair during 
meiosis and had gone to the poles at random. In preliminary experiments the 
expected parental genotypes were found, but in some cases nonparental types 
were also recovered from the same PWT culture. These observations suggested 
the possibility of somatic recombination. Since PWTs undergo some type of 
somatic reduction to form a heterokaryon, it is conceivable that the homologous 
chromosomes of the disomic pair and disjoin in the process of haploidization. The 
presence of the recombinant is most economically ascribed to somatic crossing over 
during this process, although other explanations are possible. To obtain further 
information in support of these findings, a more detailed analysis was made of PWT 
cultures isolated from crosses between complementary allelic mutants with linked 
markers. The analyses of a limited number of homokaryotic conidia from 38 
different PWT strains have revealed the presence of recombinant types in eight of 
the strains examined. Reciprocal crossover types were found in three of the eight 
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PWTs. A detailed examination was made of only five of the strains and these 
results are reported below. 


Materials and Methods.—The pseudowild-types in this investigation were recovered from a 
cross of ad-8 pan-6 a X ylo pan-3 tryp-2 A. All of the mutants are located on linkage group VI 
and the two pan mutants are complementing alleles of the pan-2 locus.‘ In heterokaryotic com- 
binations these alleles are capable of growing on minimal medium, but at a reduced rate. The 
ad-8 pan-5 parent was obtained from a cross of ad-8 ylo A (FGSC-No. 448) X pan-é a, an isolate 
received from Dr. Mary Case. The ylo pan-3 tryp-2 A isolate also was obtained from the Fungal 
Genetics Stock Center, Stock Number 469. The location of the mutants is shown on the linkage 
map below, and approximate distances separating the genes y/o, pan, and tryp are taken from the 
data of Case and Giles.‘ ad-8 is located far out on the left arm of the same chromosome but the 
exact distance from the centromere is unknown.® Westergaard’s synthetic medium was used 


ad-8 + 0 pan-5 + + 
+ ylo 0 + pan-3 tryp-2 


3.0 0.1 


throughout the experiments, and platings of all conidia were done on media supplemented with 
0.02% glucose and 1° sorbose in addition to the necessary growth factors. 

In the experiments discussed below, single phenotypically wild-type germinating ascospores 
were isolated and identified as PWTs by their slow growth on minimal medium (characteristic of 
pan-3 + pan-5 heterokaryons) and by differences in the number of colonies formed when conidia 
of each were plated on minimal and supplemented media. Conidial-derived colonies from supple- 
mented media were then isolated and the phenotype of each was determined by checking its 
growth requirement. In a preliminary analysis of PWT-1S, two conidial-derived cultures were 
found that required only adenine for growth. Although subsequent analysis of these two adenine- 
requiring isolates showed them to be heterokaryons between the parental type, ad pan-d, and an 
ad pan-3 tryp recombinant, it was, nevertheless, their unexpected presence that first suggested 
that somatic recombination might occur in PWTs and that prompted a more detailed analysis 
of this PWT culture. PWT-18, together with PWT-19, selected originally as a control culture 
but which also proved to have somatic recombinants, were then plated on medium supplemented 
with adenine sulfate, calcium pantothenate, and tryptophan. After colonies had formed on such 
plates, approximately 400 colonies from each PWT were then individually transferred to agar 
slants containing medium supplemented with both pantothenate and tryptophan. The isolates 
which grew on such medium are called Group I isolates and could be of the phenotype pan tryp, 
pan, tryp, or heterokaryons. The phenotype of each Group I isolate was further identified by 
growing each individually on minimal medium as well as tryptophan-supplemented and panto- 
thenate-supplemented liquid media. The colonies that failed to grow on the doubly supplemented 
pantothenate-tryptophan agar slants within two days (Group II isolates) were then transferred 
to slants supplemented with pantothenate and adenine. Colonies that still did not show growth 
(Group ITI isolates) were again transferred to slants with media triply supplemented with adenine, 
pantothenate, and tryptophan. Group II isolates that grew on adenine-pantothenate media would 
be expected to be pan ad, or ad, isolates or certain heterokaryotic types, and all were further 
identified by individual testing on pantothenate- and on adenine-supplemented liquid media. 
Group ITI isolates were expected to be recombinants of the genotype pan adtryp. This kind of pro- 
cedure in a modified form has been used routinely in this laboratory as a rapid method of isolating 
homokaryotic strains from heterokaryons plated on supplemented media. Such colonies main- 
tain their viability over long periods which allows them to be successively transferred from one 
supplemented slant to another until a supplement is found that satisfies their nutritional require- 
ment. Obviously such tests are not conclusive in themselves, but, coupled with the observation 
of the morphological mutant, y/o, this method serves to pinpoint quickly possible recombinant 
types. Presumed recombinants were then thoroughly screened by determining their growth re- 
quirements in 250 ml Erlenmeyer flasks in shake cultures with 50 ml of appropriately supplemented 
media. The tryp-2 mutant is leaky and will grow in the absence of tryptophan after a lag period, 
which causes some difficulty in routine classification, but such types always were carefully checked 
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by appropriately timed experiments in critical cases. Some presumed recombinants were further 
tested to determine whether they were heterokaryotic by plating conidia on several different types 
of supplemented media, as well as by outcrossing to standard wild-type strains and further check- 
ing the mutant progeny. The pan-3 and pan-é alleles were distinguished in heterokaryon tests 
on agar slants and, when necessary, growth rates were measured in growth tubes of minimal 
medium at room temperature, or in liquid shake cultures. Heterokaryons between pan-3 and 
pan-5 are temperature sensitive and require pantothenate at 35°C which simplifies their identifi- 
cation. However, under any conditions, except when pantothenate is supplied, the growth rate 
of such heterokaryons is only a fraction of wild-type rates. 


Results.—The first stage of analysis of PWTs 18 and 19 consisted of determining 
the growth requirements of over 800 single conidial isolates. Isolates with the 
same apparent growth requirements were further subdivided according to the 
presence or absence of the ylo marker, and heterokaryon tests were then carried 
out to determine the pan allele present in selected isolates from each group. In 
PWT-18 the mutant phenotypes were as follows, with the number of each isolate 
given in parentheses: ad pan-5(119), ylo pan-3 tryp(188), ad(12), ylo pan-5(7), 
ad pan-3 tryp(57), pan-5(1), pan-3 tryp(33); and 49 isolates grew on minimal and 
were presumably heterokaryons between the two parental types. From PWT-19 
the following types were recovered: ad pan-5(108), ylo pan-3 tryp(135), ad(17), 
ad pan-3 tryp(42), pan-3 tryp(17); and 71 heterokaryons grew on minimal. Those 
isolates with a requirement for adenine as well as the pan-3 tryp isolates would 
have required multiple crossovers to account for their origin by recombination, but 
they could also be accounted for by certain nuclear combinations in the form of a 
heterokaryon. Further analyses of such isolates by plating conidia on various 
supplemented media or by crossing to standard wild-type strains indeed showed 
that the selected isolates tested were all heterokaryons. Those with a requirement 
for adenine were heterokaryons between the parental ad pan-5 and the recombinant 
type ad pan-3 tryp. The pan-3 tryp isolates were heterokaryons between the re- 
combinant ad pan-3 tryp and the parental ylo pan-3 tryp. The single pan-é isolate 
also proved to be a heterokaryon between the parental ad pan-5 and the ylo pan-5 
recombinant. At present only the ylo pan-5 and ad pan-3 tryp isolates appear to 
be bona fide recombinants. 

In addition to the above analyses, three additional PWTs have subsequently 
been studied in some detail, and the number of parental and recombinant types 
identified were as follows: PWT-15—ylo pan-3 tryp(153), ad pan-5(157), and ad 
pan-3 tryp(7); PWT-24—ylo pan-3 tryp(157), ad pan-5(81), ad pan-3 tryp(41), 
and ylo pan-5(25); and PWT-32—ylo pan-3 tryp(108), ad pan-5(229), ad pan-3 
tryp(4), and ylo pan-5(4). 

Recombinant type ylo pan-4, in addition to the two parental types, has been 
recovered from PWT Nos. 25, 26, and 33, but only a limited number of isolates 
have yet been tested in these cultures. Of the eight cultures so far analyzed, three 
have yielded both ylo pan-5 and ad pan-3 tryp reciprocal recombinant types; from 
two only the ad pan-3 tryp recombinant type was recovered; and from three others 
only ylo pan-5 recombinants were found. In all, recombinants have been recovered 
from 8 (21%) of the 38 PWTs examined, but this is obviously a minimum estimate 
because only a cursory examination of some of the cultures has been made. At 
present, the only recombinant types that have been recovered are those in which 
crossing over occurred within a distance of three crossover units between ylo and 
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pan-5 in the vicinity of the centromere. Other recombinant types may be present 
but undetected because they are either limited in number or present only in hetero- 
karyotic conidia and still unrecognized. 

Discussion.—-From PWT cultures isolated as single ascospores from crosses of 
linked mutants, it has been possible to recover homokaryons with the genotypes of 
the two respective parents as well as homokaryons representing reciprocal crossover 
products. We have assumed that these recombinants originated from somatic 
crossing over in the disomic nucleus. Such data suggest that haploidization of 
the disomic nucleus involves pairing of the homologous chromosomes and that it is 
during this process that crossing over occurs. It is recognized, however, that the 
mitotic crossing over and the haploidization need not result from the same mitotic 
event. Since the mitotic events responsible for haploidization of diploids in Asper- 
gillus’ and disomics in Neurospora may be quite different, the details of such events 
in the present examples can only be speculated upon, and additional information is 
necessary before a complete interpretation of the situation in Neurospora is pos- 
sible. 

The significance of certain of the present findings is not yet clear. Although 
only a few PWTs with recombinants have been analyzed, it was not anticipated 
that all of the recombinants would be of the same type and would occur in regions 
immediately adjacent to the centromere. ‘There is evidence in both Aspergillus’ 
and Drosophila’ for an increased frequency of mitotic recombination in the proximal 
regions of the chromosome, but to find that all of the observed recombinants oc- 
curred within a region of approximately 3 crossover units was not expected. Such 
results may mean that the pairing of the homologues was confined to the regions 
immediately adjacent to the centromere and thus the opportunity for exchange 
was confined to this region. It is hoped that an analysis now in progress with 
additional markers will provide more information on this question. 

The failure always to recover reciprocal crossover products may or may not be 
significant, especially when one considers the inefficiency of analysis imposed by the 
heterozygotic effect of heterokaryotic conidia. One may question, nevertheless, 
whether these differences have any real meaning in terms of the mechanism of 
formation of recombinant types. For example, one might interpret the difference 
in the frequency of the reciprocal types, and particularly the failure to recover one 
type often, to mean that the recombinants were formed nonreciprocally during sep- 
arate mitotic events. While this may be true, the data are not incompatible with 
the notion that reciprocal recombinants are initially formed, but that either sub- 
sequent events during vegetative growth of the culture result in their unequal fre- 
quency, or the observed differences merely reflect the technical problem of identify- 
ing rare genotypes in populations of largely heterokaryotic conidia. However, in 
view of the recent results of Threlkeld®> concerning the aneuploidy associated with 
nonidentical sister spores, it is apparent that some heterozygous cultures have 
different origins and these may behave differently. Since many of his examples 
appear to involve telocentric chromosomes or centric fragments, whereas the re- 
combinants reported above all have markers on both chromosome arms, it appears 
that his results are probably not relevant to the present findings. 

It has been suggested that the present data do not exclude the possibility that 
these results occur as a consequence of some aberrant meiotic events rather than 
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mitotic recombination. For example, if nondisjunction occurred in the first and 
second divisions successively, after crossing over had occurred, one could obtain 
tetrasomic PWTs which later might break down into the observed heterokaryon. 
It is difficult, on the basis of the present evidence alone, to distinguish unequivocally 
between these two possibilities, especially since the PWTs were isolated as random 
spores and not from asci. However, the pattern of aborted spores in asci, from 
which a tetrasomic PWT and a disomic PWT could be recovered, would be different, 
and a distinction between these two possible origins may eventually be made on 
this basis. At the same time, the limited data available appear to be more consistent 
with the somatic recombination hypothesis. In every case so far tested, the 
homokaryotic conidia of the two parental types were more frequent than the re- 
combinant types, and this would be expected on the assumption that such strains 
originated as disomics followed by somatic crossing over in some of the disomic 
nuclei. In these cases it is assumed that only the parental genotypes are present 
in the original disomic PWT nucleus. The two nuclei within the disomic ascospore 
then undergo an undetermined number of divisions before haploidization occurs; 
and either during such divisions or during the division in which haploidization 
occurs, the somatic recombination may take place. Since recombination would 
not be expected to take place in every disomic nucleus, then the haploid parental 
types would always be more frequent than the recombinants. However, in the 
proposed tetrasomic PWT the constitution of the nuclei within the ascospore would 
be quite different, since it is assumed that they already contain two parental and two 
recombinant chromosomes. Regardless of how this complex undergoes haploidiza- 
tion, one would not expect that in every case the nuclei of the parental genotypes 
would be more frequent than the recombinant types. Furthermore, if a tetrasomic 
PWT were involved, it is difficult to see why the only recombinants recovered would 
be those involving exchange in the vicinity of the centromere, unless such recombi- 


nant types were in some way predisposed to undergo two successive nondisjunctions, 
and this seems unlikely if nondisjunction is related to lack of exchange pairing.® 
On the other hand, there is precedence for increased mitotic crossing over in the 
vicinity of the centromere.” ° 


Since PWTs are known to become heterokaryotic, the possibility must also be 
considered that the present results represent crossing over in diploid nuclei formed 
by nuclear fusion in the heterokaryon. Such phenomena are known in other ascomy- 
cetes, such as Aspergillus,'® '! and a single case of apparent recombination of non- 
linked genes in a heterokaryon of Neurospora has been attributed by Weijer and 
Dowding" to crossing over between nuclear filaments. During the past several 
years extensive tests have been carried out in this laboratory using a variety of 
methods including some which involved highly selective techniques, and we have 
consistently failed to obtain any unequivocal evidence for either somatic crossing 
over or reassortment of nonlinked genes in Neurospora heterokaryons. We have 
also used bisexual heterokaryons in such experiments hoping to get some nuclear 
fusion in the heterokaryon, but the results were always negative. Our results have 
never been published, but Pateman and Fincham' and more recently Case and 
Giles'* have also reported no evidence for somatic recombination in Neurospors 
heterokaryons. 

Since the present results indicate that somatic crossing over is possible in Neuro- 
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spora, provided a source of aneuploidy is present, we have interpreted the consistent 
failure to find evidence of somatic crossing over in heterokaryons to indicate that 
there is no source of aneuploidy present in these cultures. This suggests that 
fusion of nuclei of the same mating type within a heterokaryon to form diploid 
nuclei simply does not occur in heterothallic Neurospora. — It is for this reason that 
we favor the hypothesis that it is somatic crossing over in the disomic nucleus that 
accounts for the results, rather than nuclear fusion within a heterokaryon to give a 
diploid followed by crossing over and haploidization. 

* Contribution No. 797, Department of Agronomy, Kansas Agriculture Experiment Station, 
Manhattan, Kansas. This investigation was supported by a grant G 21768 from the National 
Science Foundation. 
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INCORPORATION OF 5-IODODEOXY URIDINE INTO DNA OF 
PLANT CELLS* 


By H. H. Smiru, B. H. KuGELMAN, 8. L. CoMMERFORD, AND W. SZYBALSKI 


BROOKHAVEN NATIONAL LABORATORY, UPTON, L. I., NEW YORK, AND MCARDLE 
MEMORIAL LABORATORY, UNIVERSITY OF WISCONSIN, MADISON 


Communicated by Karl Sax, February 25, 1963 


These studies were undertaken to investigate incorporation of the thymidine 
analogue, 5-iododeoxyuridine (IUdR), into the DNA of higher plant chromosomes. ! 
This deoxyriboside was traced in root tip cells of Vicia faba (Broad bean) by means 
of a tritium label; and evidence for incorporation of the iodinated analogue was ob- 
tained by use of I'*! labeled 1UdR and cesium chloride density gradient centrifuga- 
tion of extracted native DNA. IUdR is known to be incorporated into the DNA of 


microorganisms and mammalian cells,? and to increase sensitivity to radiation in- 
jury.* 4 The base analogue, 5-iodouracil, induces mutation in microorganisms.° 
Special interest is attached to the effect in higher plants of DNA precursor analogues 
owing to their influence on growth,®: 7 morphogenesis, and flowering,’~!2 as well as 
radiosensitization'® and possibly mutation.'* Proof of incorporation in higher 
plant chromosomes remains to be presented and is pertinent to further studies since, 





452 GENETICS: SMITH ET AL. Proc. N. ALS. 


e.g., Newrospora crassa appears to lack the thymidine phosphorylating mechanism" 
and thus cannot utilize either thymidine or its analogues, including [UdR. Fur- 
thermore, in mammalian tissues the inhibitory effect of [UdR, or its phosphorylated 
derivatives, is exerted at specific primary metabolic reaction sites which differ ac- 


cording to cell type. 

Materials and Methods.—Tritium-labeled [UdR was prepared by iodination of a tritiated sam- 
ple of deoxyuridine purchased from the New England Nuclear Corporation. TIodination was 
accomplished by heating for two hr at 60°C a mixture containing 0.50 ce tritiated deoxyuridine 
(500 ue, 4160 me/mM), 0.08 ce iodine saturated water, 5.32 ce distilled water, and 5.90 cc 2 M 
nitric acid. After heating, the reaction mixture was neutralized with 1 ce concentrated ammo- 
nium hydroxide and adsorbed onto a column of Dowex-1 resin in the acetate form. Washing 
the column with water removed about 30% of the tritium, presumably in the form of tritiated 
water since all the activity was volatile. Washing with ammonium acetate buffer (pH 9.0, 
ionic strength 0.10) removed most of the remaining activity apparently in the form of unreacted 
tritiated deoxyuridine. Washing with 0.01 M acetic acid eluted an amount of activity represent- 
ing about 5°% of the original tritium activity. On the basis of its ultraviolet absorption spectra 
and the fact that all the activity cocrystallized with carrier [UdR, all the activity in this fraction 
was considered to be present as tritiated [UdR. The specific activity (calculated from the ultra- 
violet absorption) of the tritiated IUdR was only 1200 mc/mM, indicating that over 70% of 
the tritium was lost from deoxyuridine during the course of iodination. 

For autoradiographic studies the amount of tritium used in the treatment solutions was 0.86 
ue/ml, and the concentration of IUdR (labeled and unlabeled) was 0.72 X 107* M. Secondary 
roots of Vicia faba grown in half strength Hoagland’s nutrient solution were treated for 24 hr 
with the solution of the tritiated deoxyriboside analogue in deionized water. After treatment the 
roots were washed in water and transferred to nutrient solution for further growth. All treat- 
ment and recovery solutions were aerated and kept at 20°C. Collections of roots were made at 
three time intervals: the first immediately after treatment, the second 24 hr later, and the third 
48 hr after treatment. The 24 hr interval under these conditions is approximately equivalent 
to one complete division cycle. The roots were fixed in ethanol-acetic acid (3:1), embedded in 
paraffin, and sectioned longitudinally at 4 microns. The sections were divided into three groups 
for hydrolysis: no hydrolysis, 12 min, and 90 min in N HCl at 60°C. The slides were dipped in 
liquid nuclear track emulsion (NTB), exposed for from three to seven days, developed, and stained 
with Delafield’s hemotoxylin. Grains in the film, resulting from beta ray emission from H®* 
disintegrations, were counted over both the nucleus and cytoplasm of interphase cells in meriste- 
matic tissue. 

Another group of bean roots was incubated under the conditions described above for 48 hr 
in a 1078 M solution of I'*! labeled [UdR having a specific activity of 10 mc/mole. The root tips 
were ground in liquid nitrogen and homogenized in a Waring blendor for two min with 10 ce ice- 
cold 10° NaCl per gm of root tips. The homogenate was shaken overnight at room tempera- 
ture with an equal volume of 88° phenol plus '/1) volume 20% KAc. The phases were separated 
by centrifuging and two volumes of 95°% ethanol were added to the clear aqueous layer to pre- 
cipitate the DNA. This crude DNA was dissolved in 2°) KAc, and RNA (but no DNA) was 
precipitated by making the solution 0.7 M in MgCl.. The supernate was twice precipitated with 
two volumes 95% ethanol and twice redissolved in 2% KAc (Zubay"). 

To determine the buoyant density of DNA extracted from the [UdR-exposed roots, still an- 
other group of beans was grown for 24 hr in the presence of 2 X 10-4 M IUdR, both with and with- 
out the simultaneous addition of 5-fluorodeoxyuridine (FUdR) at 1 X 1077 M. Frozen root tips 
were pulverized in a glass homogenizer chilled by dry ice, suspended in 0.15 M NaCl + 0.015 M 
Na; citrate, and lysed by addition of sodium lauryl sulfate (3%). Deproteinized and RNA- 
freed'* samples of both the normal and the presumably [UdR-labeled DNA were subsequently 
centrifuged in the CsCl density gradient using the analytical Spinco ultracentrifuge.’ 


Results and Discussion.—Table 1 shows the average grain count in autoradio- 


graphs of root tip cells following nine different treatments. Each figure in the 
table represents the mean count for approximately 900 interphase cells, i.e., 100 
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TABLE 1 
GRAIN Counts IN Roor Tre Ceits or Vicia faba Treatep ror 24 Hr wirn TRITIATED 
5-lODODEOXY URUDINE 
Grains/nucleus 


Recovery Hydrolysis Exposure Back- Cyto- corrected for 
hr min days ground plasm Nucleus 7-day exposure 


0 0 3 0.99 90 5.29 12.33 
0 12 0.73 00 4.57 10.65 
0 90 0.76 61 2.93 5.83 
24 0 0.78 84 5.13 .18 
24 12 0.93 SI 4.35 5.09 

3 

3 

2 

l 


2,9 9,9 


24 90 0.87 62 .09 33 
48 0 0.75 43 ine 3.17 
48 12 0.63 0.40 35 2.35 
48 90 0.99 0.81 39 39 


SII Crorc 


from each of three mid-longitudinal sections on each of three separate root tips. 
The “background” per cell area was determined by grain counts over enucleated 
cells. It is evident from the table that there were no more grains over the cyto- 
plasm than “background” level and, therefore, that no incorporation of tritium 
label has taken place in the cytoplasm. It is equally evident that there has been 
substantial incorporation in the nucleus (Table 1). Examination of dividing cells 
shows clearly that this incorporation is selectively in the chromosomes (lig. 1A). 
No grains were observed over the nucleolus (lig. 1B). This evidence, together with 
the lack of cytoplasmic label, substantiates the conclusion that neither the [UdR nor 
tritium exchange products were incorporated into cytoplasmic or nucleolar RNA or 
other cytoplasmic components such as proteins. 

Hydrolysis for 12 min with hot N HCl, which removes the RNA, most of the 
purines of DNA, and probably some DNA pyrimidines ana proteins, resulted in a 
14% reduction in grain counts over the nucleus in those slides fixed immediately 
after treatment with the tritiated analogue. Hydrolysis for 90 min would be ex- 
pected to remove all nucleic acids (RNA and DNA)” leaving mostly proteins as 


= 


a 


Fic. 1.——Nuclei labeled with tritiated [UdR: (1) showing incorporation in metaphase 
chromosomes, (B) showing lack of incorporation in resting stage nucleolus. 
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potentially labeled cellular compounds. After this prolonged hydrolysis there were 
45% fewer grains than over unhydrolyzed nuclei. The substantial additional re- 
duction in labeling (31° %) associated with the 90 min compared to 12 min hydrolysis 
is attributable largely to removal of DNA pyrimidines. This evidence confirms, 
therefore, the expectation that the analogue replaces thymidine in Vicia chromo- 
somes. The appreciable amount of label remaining after 90 min hydrolysis, i.e., 
55, 60, and 44%, respectively, following 0, 24, ana 48 hr recovery periods, indicates 
either incomplete hydrolysis of DNA or that a portion of the label is taken up by 
nuclear proteins. 

lor each cell division cycle, expected to occur on an average ia 24 to 30 hr? fol- 
lowing incorpoiation of the tritiated analogue, there should be a halving of the 
amount of label per nucleus. In the last column of Table 1, the grain counts per 
nucleus are compared on a common basis of 7-day exposure time. The differences 
between counts after 12 and 90 min hydrolysis are the best estimates of amounts of 
labeled pyrimidine. These values after 0, 24, and 48 hr recovery are 3.82, 1.76, and 
(0.96, respectively. The counts are approximately halved after 24 hr and are about 
one fourth the original amount per nucleus after 48 hr. These results show that on 
an average DNA synthesis and the division cycle are not detectably affected accord- 
ing to this criterion during the first two division cycles after incorporation. No evi- 
dence of chromosome breakage was found. 

A more detailed presentation of the results on grain counts over nuclei, which were 
summarized in Table 1, isshownin Table 2. A large range in numbers of grains over 


TABLE 2 
DisTRIBUTION OF GRAIN CouNTS IN NuCLEI OF Vicia faba Roor Tip CeLus TREATED WITH 
TRITIATED 5-lODODEOXY URIDINE 
Total Recovery Hydrolysis Per cent nuclei with grain counts of 

cells hr min 0-2 3-5 6 1 12-14 15-17 18-20 20+ 

5.8 LS 1.2 
O.89 0.44 

0.00 0.11 
.66 0.58 

Ss 

9 
33 

2.01 
.78 
: ee 56 
0.00 : .00 
0.52 380) 0.45 


1 
901 0 0 ab.b 27. 17.1 4 
900 0 12 37.6 31. 17.3 2 
S92 0 90 51.0 20.4 48:6 3.8 

x 41.4 29.% 16. 1 
900 24 0 48. 1 
900 24 12 48. 
900 24 90 59. 

x Bk: 
900 48 0 60. 
S92 48 12 70. 
SSY 48 90 SO. 

x 70.: 


> 


19.8 1.9 6. 
22.6 13.2 8.0 
21.6 10.3 - 
21.3 11.8 

21. , 
17.5 7. 6 
16.8 2. 34 
18.4 6.03 2.08 


oho ee 


Set ON eS 
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w 
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nuclei is observed. The varying amounts of labeled analogue incorporated into 
root tip cells may be due to: (1) differences between cells in time spent in DNA syn- 
thesis during the treatment period, (2) differences in availability of com- 
pound in different regions of the root tip, (3) differences in rate of DNA synthesis 
in different cell types, and (4) differences in size of nucleus and plane of sec- 
tioning through the nucleus. Following 24 and 48 hr recovery periods there is a 
decrease in the proportion of densely labeled cells, as would be expected. However, 
a small number of cells with a high grain count is characteristically found after 48 
hr of recovery. This indicates that the more heavily labeled cells fail to divide, 
either because of the radioactivity, the higher concentration of I1UdR, or most likely 
a combination of the two. Hydrolysis for 12 and 90 min causes a progressive de- 
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crease in label throughout the range observed. No highly labeled cells remained 
after 48 hr recovery and 90 min of hydrolysis. The autoradiographic results show 
that the H® label has been incorporated into the chromosomal DNA, however, the 
label could conceivably have been exchanged to thymidine during cell metabolism 
before incorporation. In view of the importance in mutagenic action®® of incor- 
porating the analogue per se, the DNA was extracted to test for separation of normal 
thymidine-containing DNA from the iodinated form. 

Analyses of extracted DNA from roots treated for 48 hr in a 10~* M solution of 
I'5! labeled IUdR having a specific activity of 10 me/mole gave the following re- 
sults. The purified DNA solution had an ultraviolet absorption pattern character- 
istic of nucleic acid. No ultraviolet ab- 





sorbing impurities could be detected. 
Irom the radioactivity of the solution it 
was calculated that the DNA contained 
1.4% 1UdR by weight. 
to the substitution of an average of about 
of the thymidine by [UdR. The 
equilibrium distribution of this DNA in a 
cesium chloride density gradient is skewed 
toward higher densities but no independ- 
ent band of “heavy”? DNA was observed. 
There appears to be no significant amount 
of DNA in which more than 15% of the 
thymidine is replaced by IUdR. This 
conclusion, based on ultraviolet photo- 
graphs of the DNA distribution, is con- 
firmed by direct sampling of the density 
giadient. 
densities corresponding to more than 20° 
substitution of thymidine by IUdR. 
Since the [UdR was considered to be pres- 
ent during a single cell division cycle only, 
it is to be expected that the DNA will be 
unifilarly labeled. Therefore, the [UdR- 
labeled strands have an average of at. least 
10% of their thymidine replaced by IUdR 
but none has more than 40% replaced. 
The small minimal replacement indi- 
‘ated may be due to adverse effects on cel- 
lular metabolism caused by the excessively 
high concentration of IUdR. Further ex- 
periments were performed with roots cul- 
tured for 24 hr in unlabeled IUdR at 2 X 
10-4 M, which is about five times lower 
than that used in the previous experiments 
and 200 times more concentrated than was 


This corresponds 


5% 


No radioactivity was found at 


used in the autoradiographic studies. 


T TY] 
VICIA 
STREPTOMYCES FABA 


GRISEUS 


| 
| 


ABSORBANCE 


1.750 
BUOYANT DENSITY IN CsCl(g/cm>) 


Fic. 2.—Microdensitometer tracings of 
photographs taken after 20 hr of CsCl- 
equilibrium-density-gradient centrifugation 
(44,770 rpm; 25°C) of DNA extracted from 
normal root tips of Vicia faba (A) and from 
roots grown for 24 hr in the presence of 2 X 
10-4 M IUdR and 1077 FUdR (B) or in the 
presence of 2 X 10-4 M IUdR alone ((C). 
Note that under conditions B and C, a pre- 
ponderant proportion of the DNA acquires a 
new heavier buoyant density. The density 
reference peaks (broken lines) were obtained 
by repeating the centrifugation after addition, 
directly to the cells, of approximately 1 yg 
of Streptomyces griseus DNA (1.731 g/em®) or 
of normal Vicia faba DNA (1.696 g/cm). 
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Three lots were grown for the 24 hr period: (A) in aerated deionized water at 20°C 
as an untreated control, (B) in a solution of 2 X 10-4 7 1UdR with 1 X 1077 M 
FUdR, and (C) ine solution of 2 X 10-4 7 IUdR alone. 

The DNA, which was extracted and purified according to the methods described 
above, was centrifuged at 44,770 rpm at 25°C for 20 hr in a CsCl equilibrium den- 
sity gradient. Microdensitometer tracings of photographs taken after the centrif- 
ugation are illustrated in Fig. 2. The results show that when roots are grown in the 
presence of IUdR, alone or with FUdR, a preponderant proportion of the DNA ac- 
quires a new heavier buoyant density. Since exposure to [UdR was of compara- 
tively short duration, this new peak most probably represents unifilarly [UdR- 
labeled (‘hybrid’) DNA. The degree of thymidine replacement by [UdR in the 
IUdR-containing strands, synthesized after addition of [UdR, should correspond to 
approximately 28% (B) or 22% (C), as calculated from the shift of the main peak 
(Erikson and Szybalski,*’ in press). I-UdR was added in treatment (B) to facilitate 
uptake of IUdR through inhibition of thymidylate synthetase* and, as a conse- 
quence, DNA replication in Vicia faba root cells.24 A slightly greater incorporation 
was indicated, 28% in (B) versus 22°% in (C) which contained [UdR alone. How- 
ever, the fact that almost as much IUdR was incorporated without the addition of an 
inhibitor shows that [UdR can replace thymidine in the synthesis of Vicia DNA and 
is effectively incorporated even in the presence of normal cellular levels of thymidine. 

Summary. —Incorporation of 5-iododeoxyuridine into the DN A of root tip chromo- 
somes of Vicia faba is demonstrated by: (1) Tritium label introduced with the iodi- 
nated analogue is detectable exclusively over nuclei of interphase cells and specifically 
over chromosomes in dividing cells. (2) No grains are found over nucleoli. (3) The 
number of grains per nucleus is approximately halved after one division cycle and 
quartered after two divisions. (4) Incorporation of the iodinated analogue was 
demonstrated by use of an I'*! label. (5) CsCl density gradient centrifugation of 
extracted native DNA, following 24 hr treatment with IUdR, reveals a new heavier 
component attributable to replacement of thymine methyl groups by iodine. The 
degree of thymidine replacement by IUdR in the [UdR-containing strands was eal- 
culated to be about 22%, and slightly greater (28°) if FUdR was included in the 
treatment solution. 


The authors wish to thank Dr. Philip 8. Woods for advice on cytochemical techniques. 


* The main experiments on the incorporation of radioactive TUdR and its autoradiographic 
determination were performed by H.H.S., B.H.K., and $8.L.C. at Brookhaven National Labora- 
tory under the auspices of the U.S. Atomic Energy Commission, while the extraction of native 
DNA and the determinations of the buoyant densities were carried out by W. 8. at the McArdle 
Memorial Laboratory. 
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DUALITY FOR COMPACT GROUPS* 
By J. L. KELLEY 
STANFORD UNIVERSITY AND UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated by S. S. Chern, February 4, 1963 


l‘or some time I have conjectured the existence of a duality theory for compact 
groups which is of the following sort: To each such group G there is assigned a dual 
algebraic object so that (1) the dual displays the structure of the irreducible unitary 
representations of G, (2) the dual determines G' to a group isomorphism, (3) homo- 
morphisms of groups induce reasonable mappings of their duals, i.e., the duality is 
functoral, and (4) the class of duals of groups has a reasonably simple algebraic de- 
scription of its own. Pontrjagin duality does just this for abelian groups, and 
‘Tannaka’s theorem indicates the probability that (1) and (2) are generally possible, 
although Tannaka’s formulation surely lacks (4). This note outlines a duality 
which has all four properties. 

The dual of a group, which I call a cogroup, is a complex linear space which has 
both the structure of a *-algebra and that of a co-*-algebra. We first describe the 
co-*-algebraic structure, then the algebraic, and thea the identities which link 
these. Finally, we sketch the construction of the corresponding group from an 
abstractly given cogroup. 

A last general remark: If G is abelian, the cogroup F of G is just the set of finite 
linear combinations of characters. This suggests that R may not be the most 
primitive dual object, but may rather be the analogue of the group algebra of some 
simpler object. I do not know whether this is the case. 

The Co-*-Algebra (R, y, c).—Let R be the linear space of all representative func- 
tions on the compact group G. A continuous complex-valued function f belongs to 
R if the linear space spanned by all left (or right, or left and right) translates of f 
is finite-dimensional, or, equivalently, if f is a finite linear combination of elements of 
irreducible unitary matrix representations of G. If f «#, then there are continuous 
functions 91, g2, .--, Gn and hy, he, . .,h,_ so that f(xy) = DP., gi(x)hi(y) for all x and 
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yinG. The functions g; and h, are not unique, but setting y(f) = 27.19: ® hi, we 
find that y is a linear map of RF into the tensor product R @ R. There is also a 
natural adjoint operation, defined by setting a(f)(~) equal to the complex con- 
jugate c,of(v~!) of f(w~) for all fe Randa eG. The structure of (2, y, a) is very 
simple; it is the direct sum of finite dimensional sub-co-*-algebras R, (Le., y{[Ra| C 
R, ® R,anda|R,| = R,), and each of these is isomorphic to the dual of the algebra 
of all linear transformations on a finite dimensional Euclidean space, with y and a 
being the duals of composition and the adjoint operation, respectively. (Each ir- 
reducible sub-co-*-algebra FR, is precisely the linear combinations of entries of an 
irreducible unitary matrix representation of G.) The linear functional on R which 
corresponds to the unit of the dual algebra we denote by e. 

It is easy to give other intrinsic characterizations of the structure (?, y, a), but 
we shall not do this here. Such a structure (2, y, a) will be called a completely re- 
ducible co-*-algebra. 

The *-Algebra (R, wu, c).—The class R of representative functions of a compact 
group @ is closed under pointwise multiplication and conjugation. Let yw be the 
map of R @ R into R induced by multiplication, and let c(f) be the complex con- 
jugate of ffor fe R. The algebra (?, uw, c) can be described as a semi-simple com- 
mutative *-algebra with unit 1 (that is, for each f « R with f # 0 there is a complex- 
valued homomorphism X of R such that X(/) 4 O and X(c(g)) = qeX(g) for g « R, 
where c, is complex conjugation). 

The Linking Identities—The following identities connect the algebraic and 
coalgebraic operations on the space of representative functions. 

(1) you = (u @ p)oFs:0(y @ y) where Fa (f@gGg @h@k)=f@h@g@k. 

(2) pol @ coajoy(f) = e(f)-1 all f « R where I is the identity map on R. 

(3) yee = (¢ @ c)oy, ao = pola @ a) and ave = cea. 

The first of these is a restatement of the fact that 2 — (x, x) is a homomorphism 
of G into G X G, using the isomorphism of R(G X G) and R(G) @ R(G), and the 
second is derived from the map x — (x, «~') followed by (x, y) > xy. All are simple 
to prove by direct computation. 

A cogroup is a system (R, y, a, wu, ¢) such that (R, y, a) is a completely reducible 
co-*-algebra, (PR, wu, c) is a semi-simple *-algebra with unit, and the linking identities 
(1), (2), and (3) hold. The set of representative functions of a compact group is, 
with operations as defined above, a cogroup. 

The Group of a Cogroup.—We now outline the construction of a compact group 
(from an abstractly given cogroup Rk. We define G to be the set of complex-valued 
u-homomorphisms x of R which are c-self adjoint (i.e., vee = cox) and for which 
r(1) = 1. Fora, y « G@ the group product xy is defined to be p(x @ yoy where 
wu, is complex multiplication. From the linking identity (1) we see that xy is a u- 
homomorphism and (3) implies easily that if x eG, then c,orea eG. Identity (2) is 
crucial in showing that x~! = c,orea. The restrictions of members of G to irre- 
ducible sub-co-*-algebras of R are thus shown to be a group of unitary transforma- 
tions, and G is compact relative to the product topology. Finally, evaluation 
carries members of R into representative functions on G, and it can be shown by 
means of the Stone-Weierstrass theorem and the usual orthogonality relations that 
R maps onto the set of representative functions of G. 


* This work was supported by National Science Foundation grant 19701. 





ON SPRAYS AND HIGHER ORDER CONNECTIONS 
By P. LiperMANN* 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated by S. S. Chern, January 18, 1963 


The purpose of this note is to formulate the theory of sprays in terms of semi- 


'* (thus we give new proofs of some results obtained by Ambrose- 


holonomie jets 


Palais-Singer?) and to extend it to higher order connections. Higher order con- 
5 . = b a ‘ . 
nections have been introduced by C. Ehresmann"’ but our definition is different and 


less general. 

Details will be given in a paper to appear later. 

Notations and definitions: Let V, and V,, be paracompact differentiable mani- 
folds (by differentiable we always mean C*) of dimensions n and m; for any map 
f: UC V,—> Vm, fx will be the prolongation to tangent vectors. Let &(V,,F,G, 
3) be a fiber bundle over V,, with standard fiber /, structural group G, principal 
bundle 3; if s eG, s will also denote the right translation: A — hs of 5 onto itself; 
7 (5) /G will denote the vector bundle obtained from the tangent bundle 7'(3¢) 
by identifying vectors which are transforms of each other under right translations 
of G. Let ¢ be the map: 5% X HK — 3K3C~! defined by g(h,h’) = A’h-'; an in- 
jinitesimal displacement" 6, of the fiber F,(x € V,) is a vector ¢*(0,,X,) where 0, 
is the zero vector and X,, any vector which is also tangent to KH athe 35C,; the origin 
of 6, in the groupoid 3c3C~' is the identity map of F,; as ¢*(On,X,) = ¢«(Ons, 
s#X,,), the space of all infinitesimal displacements of F, can be identified with 
T(3;)/G. 

Let J%(Vin,Vn) be the bundle of all q-jets of V, into V,,, a: J%(Vin,Vn) > Vy be 
the projection sending each jet onto its source; if o is a local lifting of V,, into 
J'(Vin,Vn) (ao is the identity map of U C V,), the jet ji o will be called non- 
holonomic jet of order 2 of V, into V,,; let J2(Vn,V,) be the space of all these jets. 
By induction on g, we define J“(V,,,V,). If, for any k, the lifting « of V, into 
J*(Vin,Vn) satisfies: ji(j*-!-0) = o(x) where j*-' is the projection: J*(V»,V,) 
—> Jt-(V,,,Vn), we get the semi-holonomic jets; let J“(V,,,V,) be the set of all 
semi-holonomic q-jets; we have: J“(V,,V,) C J%VinsV,). The space /7*(V,) 
(or more briefly 47%) of semi-holonomic frames of order q is a fiber bundle which is 
associated to H*(V,,) (space of holonomie frames); moreover /7% is a principal 
bundle, with structural group Z4 (group of all invertible semi-holonomie q-jets of 
R" into R", with source and target 0). Every y « £4 can be written: # = = 
aix) +... + 1/q! Sai... .jet1®...@ 2x where the matrix a} « LL (= L, = 
full linear group); y e L% if and only if the aj,...;, are symmetrical. By sym- 
metrization we get a projection P, of 7’ onto H*. Let M74 be the kernel of the 
homomorphism j?~'; L4— £4-!; A7% is an abelian group and its Lie algebra can 
be identified with R" @(R"*). Wehave: 17), = Mi, = Lan = space of all 
n X n matrices. We shall write: H® = V,,. 

Let S2(V,,) (or more briefly S%) be the vector space Of all q-jets (with source x) 
of the local liftings of V, into the tangent bundle 7(V,) and S‘ = U,,y, S% 


. . ous @ . ow 0 yy 
using semi-holonomic jets, we define S% and S“; we have S, = 7, (tangent space 
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to V, atx). A local lifting of V, into S% is represented in the domain U, of local 
coordinates 2!, ..., 2" by a sequence X', X},...,Nj,...;, of functions such that: 


ON, 2? 228 


rt 
Xj, --Istl Out! 


are, for any s < q, the components of a tensor field. 
S* is a vector bundle which is associated to the principal bundle //‘*'; the stand- 
> ° —=—9 = > P ° ° 
ard fiber is: R” @ Lan ® Min @...@ M2, = R" @® 1 (where Xf is the Lie 


algebra of £4); the structural group is L{+!; it ean be proved that S* is canoni- 
cally isomorphic to T(1%/L%. Thus S? can be defined by induction on gq: S% is 
the space of infinitesimal displacements of the fiber S,;2~' belonging to the bundle S*. 

We define an elementary connection of order r at x ¢ V,, as a linear lifting Cl of 
Si- into St; it ean be deduced a linear map of S, into the tensor space 7’, ® 
(@T,’) (our previous definition® is equivalent to a lifting of S~' into Si). A 
connection of order r is a differentiable field « > C’ of elementary connections; — it is 
a section of the fiber bundle @’ of all elementary connections; the standard fiber 
(R" @ Lan ®...® M’,,1)* @ M’,,, being homeomorphic to a numerical space, 
such a section always exists. For r = 1, we get the usual affine connection. The 
following theorem can be proved: 

Tueorem. Every connection C’ induces a connection C in the principal bundle 
I — F'— (with structural group M) such that the field of horizontal vector sub- 
spaces is invariant under the right translations of the group Li,; conversely, C induces 


ors 


The proof uses the fact that to each y « R” @ &,~}, the connection C’ associates 
a horizontal vector field X’ (or basic vector field), which is invariant under the right 


translations of L7: if h, « 77%, the vector h,y belongs to Si; its lift in St) de- 


“n° 


termines a horizontal vector at h,. We deduce: 

CoroLtuary. Every connection of order r on V,, gives rise to a global parallelism on 
IT’. 

The principal bundle /7’ > /7’—? is a sub-bundle of H'(/7’~!) obtained by reduc- 
tion of the group L,2+, to 17%; therefore, C is an affine connection; so we can 
define the notion of parallel displacement along a curve of [7’-!; we define the 
geodesics of orderr: they are the geodesics of the connection C. The set of all these 
geodesics is invariant under the translations of [’—!: h > hs (where s ¢ L),-'). 

If r > 1, the group 17% being abelian, the curvature forms of C are invariant forms 
on f7’— and are the exterior derivatives of forms 6, on #7’; if C’ is another connee- 
tion, 6”, — 62 are forms on /7’~!; so the curvature forms define on F7’-! cohomology 
classes which are independent of the connection (we get a particular case of Weil’s 
theorem). 

An elementary connection C” defines a structure of Lie algebra on St-!; — the 
torsion of Ci is the element 0, of S,’"~! @ (Si-! A Si~!)* defined by: 6,(X’-! A 
Y’-!) = [X’-!,Y’-!] for any X’-!, ¥Y’-' e€ Si-". For r = 1, we get the usual tor- 
sion. 

If r = 1, the bundle @! of'elementary connections (with fiber 173) can be identi- 
fied with /7?/L,; the projection P?; [7? + H? defines a projection p of @' onto @! 
(bundle of symmetric or torsionless connections) and we get Kobayashi’s result.* 
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Thus, every elementary connection C! ¢ @! is determined by its projection on @ and its 
torsion. 

An infinitesimal displacement 6, of 7’, is a lifting of 7’, into 3,, space of all tangent 
vectors to 7'(V,) whose projection on 7'(V,,) and origin are the same element of 7’,. 
Any local coordinates system defines an isomorphism of 3, onto 7’, X 7', and asso- 
ciates to 6, an element of 7, @ 7; so to the elementary connection C! ¢ @', 
there corresponds an element of (7', ® T:) @ T: (which is a bilinear map of 7, X 
T, into T,), and we get the Christoffel symbols. If 4, is the infinitesimal displace- 
ment image of X ¢ 7’, by the linear map C!, then 6, lifts any Y e T, into [Y,(dY/ 
dl) | ¢ 3, such that: dY/dt = b(X,Y) where b is bilinear; in particular (dX /dt) = 
((X) where Q is the quadratic form associated to b; for all elementary connections 
which project on the same symmetric elementary connection we get the same 
quadratic form; [X, (dX /dt)] is a 2-velocity with origin x (it is a 2-jet of R into V, 
with source 0 and target x). We define an elementary spray >, at x as a lifting of T, 
into *T’, (space of all 2-velocities at x) such that for any local coordinates, (d*x/dt?) = 
Q(dx/dt) where Q is a quadratic form. A spray‘ is a differentiable field « —~ %,; 
when it is induced by a connection, its integral curves are the geodesics. 

Let = be a local spray (defined in an open set ( 3 x) such that 2(r) = , and 
let f,(t) be the solution of Y corresponding to the initial conditions: f(0) = 2, 
(df,/dt),.9 = v. Wedefine exp,.s: O; > V, (where Qs is an open neighborhood 
of 0, in T,) by: exp,,z(v) = f,(1). It ean be proved that the 2-jet j5, exp,.s 
(whose projection is the 1-jet of the identity map of 7',) depends only on the ele- 
mentary spray 2, and define a symmetric elementary connection (its Christoffel 
symbols are the second order derivatives of the x'’s with respect to the components 
of ve T,). So we get: 

TueoreM. All elementary connections at x which project on the same symmetric 
connection give rise to the same elementary spray. Conversely, every elementary spray 


‘. ° . ° 2 # 
>, generates an elementary symmetric connection defined by the jet jor CXPr,x, where = 


is any local spray such that X(x) = %;. 

There is a (1,1) correspondence between linear liftings C! of 7’, into S} and linear 
liftings A, of T into T2*, space of 2-covelocities (or semi-holonomie 2-jets of V, 
into R, with source x and target 0). By duality we get a projection A; (transpose 
of A,) of T2 (dual of 72*) onto T,. If A, is the linear lifting corresponding to the 
symmetric connection p(C}) and x the projection of T;? onto 7,2 (space of holo- 


nomic 2-velocities), we have the commutative diagrams: 
- a 
A, A, 
my 2 2 
T+ T% T T 


AN, | 7 and A [= 
1? 


Ts 


where 7°; (dual of 7'°2*) can be called the space of second order tangent vectors?; thence: 
Proposition. Every elementary connection C\ defines a projection of T? onto 
T’,, whose restriction to the space T? of second order tangent vectors is determined by 
the projection p(C1) of C! onto the space of symmetric connections. 
The elementary connection C! can also be defined as a R-linear map V, of the 
space of germs at x of Pfaffian forms into T; @ 7%, such that for every local co- 
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ordinates x', we have (V,(a));; = (Oa;/02”), for any a satisfying: a(x) = 0. The 
elementary connection is torsionless if and only if the tensor V,a is symmetric for 
any a. If pV, corresponds to the symmetric connection p(C}), for any differenti- 
able function defined near x, pV,(df) will be called the hessian of f at 2.2 From 
our study, we deduce: There is a (1.1) correspondence between hessians and elementary 
sprays at x. 

A spray  ’ of order r on V, is defined as a spray ¥ on f7’~' satisfying the condi- 
tion: expa.s(v). 8 = @XPnsz(sev) for every h ¢ A’—!, s ¢ Li, v ¢ T,(A"-) such 
that the relation has a meaning. The geodesies of a connection C’ determine a 
spray. Conversely, given a spray »’, the map exp,,y induces at every xe V, a 
map yw, of U (open neighborhood of 0, in S{~') onto V, and the jet jot'y, deter- 
mines an holonomice elementary connection of order r (this connection lifts S,~' 
into S’): its “Christoffel symbols” are the (r + 1)" derivatives of the x'’s with 
respect to some coordinates in S%.~', 

Remark: The kernel S,’! of the projection; S| > 7, is canonically isomorphic 
toT, @T.; soin particular the identity map £ of 7’, belongs to S,’'; its lift by 
any elementary connection C2 of order 2 is an element of the fiber over x of the 
bundle #7?/L,; thence: 

Turorem. Every elementary connection C2 of order 2 determines an elementary 
connection of order 1. (This theorem has been proved by computation in ref. 5.) 

The notion of higher order connection can be extended to G-structures, that is, a 
reduction of L, to a Lie subgroup G; we then consider the principal bundle /7’2, 
with structural group G, C L*, (semi-holonomic prolongation of G). 


* Work done under support by National Science Foundation grant G-21938. 
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ALMOST AUTOMORPHIC FUNCTIONS 
By W. A. Verecu* 
PRINCETON UNIVERSITY 
Communicated by S. Bochner, February 27, 1963 


S. Bochner has introduced in various contexts the notion of almost auto- 
morphy.'~* The results of the present note are stated for the integers and real 
line, although on a future occasion we shall deal with a more general setting. (We 
adopt the abbreviations of ref. 3.) 

Definition 1 (Bochner): A function f(t) on an abelian group G is a.a.(= almost 
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automorphic) if every seq. }a’,{ C G contains a subs. \a,} for which both 


im... of(t + an) = g(t) (1) 


and 
lim,.og(t — an) = f(t) (2) 


hold for any teG but not necessarily uniformly. 

The question was raised* whether the functions of Definition 1 are more general 
than the a.p.(= almost periodic) functions of Bohr. The following construction 
for G = Z = integers will show that this is indeed the case. 

Let G,, Go, --- be a seq. of inf. subgroups of Z such that 


(i) G is proper in Z. 
(ii) G41 is proper in G;, for each k. 
Associated sequences of integers {a,} and sets |A,} are defined inductively as 
follows. Let a, = 0, A; = G;. By (i) A; ¥ Z. Having defined A, = a, + G;, for 
k = 1,2, ---, n such that U,.."A, # Zand A, N A, = ¢, p # q, we take ayy; 
to be an integer of minimum modulus which is not in U,.4". Set Anur = Gayi + 
Gry. Using property (ii) it is easily verified that 
(a) Aa MN Ax = ¢, k= i, 3, ++ 
(b) U,u"t+! A, ¥ Z. 
By our choice of a,,1 the seq. | A,} will satisfy in addition 
(c) re A, = v3 


We take a seq. t fe} of functions such that f, is for each k an a.a. function on 


Y +a: . | {! I] . 
G,. In addition we require that sup,||f;) < © where |/-|) is the supremum norm. 
A funetion f(s) is defined on Z by 


f(s) = fils’), s=at+ ¥, 8’, (3) 


Properties (a) and (c¢) above guarantee that f is well defined on all of Z. 
THeoreM 1. The function f(s) defined in (3) is a.a. on Z. 
Suppose now that @, is generated by s, for each k. Define f,(s) on G, as f,(s) = 
exp(2mis/s,41), k = 1, 2, ---. There will exist a seq. | p,{ such that for each k 
‘exp (2ripys, Sku) — 1 > 1. (4) 
Letting f(s) be defined by (3) we clearly have f(s + p,s,) —~ f(s) for all s. If f 
were a.p., this limit would already be uniform. However, for seA, we have from 
(4) that | f(s + prs.) — f(s)| > 1 for each k. Thus f(s) is not a.p. and we have 
proved by example 
THEOREM 2. There exist a.a. functions on Z which are not a.p. 
If we fix a real number y > 0, an integer r > 2, and a bounded function f(n) on 
Z, the function 
ee 
se (2 + iy +n)’ 


will be uniformly bounded for complex numbers z with Jm(z) > 0, 


(5) 


$y (2) = 
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Tueorem 3. The function ¢,(z) of (6) ts a.a. on each line Im(z) = yo = 0 tf, 
and only if, f(n) is a.a. on Z. Furthermore, ¢,(z) is a.p. vf, and only if, f(n) is a.p. 
We introduce the notion of a Bohr a.a. function. Except for our boundedness 
condition these functions are the same as the N-a.p. functions of B. M. Levitan.‘ 
Definition 2: A bounded function f(s) on Z shall be called Bohr a.a. if for fixed 
seZ and ¢« > 0 there exists a set B, = B,(s) such that 
(a) B, is relatively dense 
(8) B, ig —B, 
(y) reB, => |f(s + 7) — f(s)| < « 
(6) 71,72€B, => f(s + 1 + T2) =e f(s)| < 2e. 
We now state two theorems upon which we shall elaborate at a later time. 
(Theorem 5 below has been stated and proved by B. M. Levitan for his N-a.p. 


functions.‘) 

TueoremM 4. A function f(s) is Bochner a.a. if, and only if, it ts Bohr a.a. 

Definition 3: A family }¢,} of Bohr a.a. functions shall be called jointly a.a. 
if it is uniformly bounded, and if for fixed seZ and e > 0 there exists a set B, satisfy- 
ing a) — 4) for all but at most finitely many ¢,. 

THroreM 5. A function f(s) is Bochner a.a, if, and only if, it is the pointwise 
limit of a jointly a.a. sequence of trigonometric polynemials, 


The results announced here form part of the author’s forthcoming doctoral thesis. I would 
like to express my thanks to Professor S. Bochner for suggesting the topic of almost automorphy 
and for many inspiring discussions on this and related topics. 
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COLANIC ACID* 
By WaLTHER IF’. GOEBEL 
THE ROCKEFELLER INSTITUTE 
Communicated February 12, 1963 


The strain of Escherichia coli which elaborates colicine K, and which this labora- 
tory has studied for some time, has undergone mutation over the years. When 
this microorganism was first sent us by Dr. Pierre Fredericq in 1952, we observed 
that it grew on Neo-peptone agar as translucent colonies, some 3-4 mm in diameter, 
which were slightly rough. The bacillus was subsequently typed for us by Dr. 
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lritz Orskov of the Statens Seruminstitut, Copenhagen, and was found to have the 
serotype 01:K1. Not long thereafter a single opaque colony was observed growing 
on a plate which had been streaked with the translucent variant. This variant 
bacillus bred true on subculture, and because it yielded much more colicine than 
did the parent, it was chosen for our studies on the nature of colicine K.!_ Within 
the past several years this bacillus has again changed. Its colonial form is now 
larger (5-6 mm) and it grows as glistening, domed mucoid colonies which are also 
opaque. All three of these variants are colicinogenic, i.e., they elaborate an 
O antigen which is bactericidal and which we believe to be identical with colicine 
Kx. All three evoke antibodies in rabbits which agglutinate the parent cell, but 
only in low dilutions of antiserum (1:160). Because of this the microorganisms are 
said to contain a K (Kapsel) antigen which masks the underlying type specific 
O antigenic complex.** Upon heating any one of the variants at 100° for 1-2 hr, 
the K antigen is destroyed, and the type specific O antigen is revealed; these same 
sera now agglutinate the heated microorganisms at very high dilutions (1:12,000).° 
Because of the peculiar thermolability of the K antigen, it is subclassified as an 
“L” (labile) antigen, and henceforth it will be referred to as such. 

The nature of the substance which is elaborated by the two opaque colonial forms 
of FE. coli K235, and which we believe contributes to their mucoid characteristics, 
is the subject of this communication. At first we believed this material to be 
identical with the L antigen, but it will be seen that this is probably not the case. 
This mucoid substance, which we have named colanie acid, is a nitrogen-free, acidic 
polysaccharide. It is serologically active, and is endowed with a serological 
specificity which differs from that of the L antigen. 

Materials and Methods.—Bacterial strains: Three strains of Escherichia coli were used in this 
study and were designated as EF. coli K235 L + T, L + O, and L + O(m). The letter L signifies 
that each contains a thermolabile L antigen.™ The letter T indicates that the particular colonial 
form of the bacillus is translucent when grown on Neo-peptone agar. The designation O signifies 
that this colonial form is opaque. We have on hand two such variants: the colonies of the normal 
opaque form (E. coli K235 L + O) are the same size as those of the L + T variant. They are not 
particularly mucoid, whereas those of the m variant are larger, and are very mucoid indeed. 

Antisera: Antisera to the three variants were prepared by injecting rabbits with acetone- 
killed bacilli,™ using a schedule of immunization suggested by Baker.*® Antisera to colanic acid 
itself was obtained by the intravenous injection of a sterile solution of pure polysaccharide in 
doses of 0.2, 0.3, 0.5, 1.0, and 2.0 mg administered at three-day intervals. In all instances the 
animals were exsanguinated five days after the last injection. Agglutination and precipitin tests 
were conducted as previously described.‘ The absorption of the various antisera with living 
microorganisms was performed in the conventional manner.’ Absorption with colanic acid or with 
colicine K was performed by adding an accurately predetermined quantity of the precipitinogen 
to a measured sample of immune serum. After incubation at 0°C for 72 hr, the absorbed serum 
was centrifuged in the cold, and the supernate, containing a slight excess of the precipitinogen, 
but no specific antibody, was removed and used for the serological tests in question. 

Toxicity tests: The toxicity of various preparations of colanic acid was determined by injecting 
Swiss mice with 4, 2, 1, and 0.5 mg quantities of the polysaccharide according to the technique 
of Schaedler and Dubos.® 

Results.—Isolation of colanic acid: When E. coli K235 L + O(m) is grown 
under appropriate conditions! in a nutrient medium containing only dialyzable 
components, it elaborates sizable quantities of the type specific O antigen (colicine 
K),’7 colominie acid,’ and the acidic polysaccharide colanic acid, together with some 
small amounts of other ill-defined nondialyzable substances of bacterial origin. 
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These products of bacterial synthesis can be isolated from the cell-free medium 
by freeze drying, after concentration in vacuo (4 L/hr, 18°C) and dialyzing free 
of all diffusible components (yield 7.5 gm). ‘The material is now precipitated from 
solution (400 ml) at 0°C with ethanol (3 volumes), a procedure which eliminates 
both pigment and lipid. The precipitate is collected by centrifugation at O°C, 
redissolved, dialyzed, and dried from the frozen state (yield 6.5 gm). A solution 
of the material (2 per cent) is then brought to 90 per cent saturation by the addition 
of solid ammonium sulfate. The O antigen and colanic acid precipitate, leaving 
the colominie acid in the supernatant. Three precipitations suffice to separate the 
major part of the colominie acid (2.2 gm) from the other two components. The 
ammonium sulfate precipitate containing colanie acid and colicine Ix, together with 
small amounts of colominie acid and nucleic acid, is now thoroughly dialyzed and 
dried from the frozen state (yield 3.8 gm). 

This substance is next dissolved in 0.1 7 phosphate buffer (300 ml, pH 7.2) 
and 75 ml of a solution of cetavlon is added.’ The colanic acid precipitates and 
is thus separated from the major part of the O antigen. The substance is not 
pure, however, for it still contains a small amount of O antigen, and some colominic 
and nucleic acids. The cetavlon precipitate is dissolved in 200 ml of 1 1/7 NaCl and 
the crude polysaccharide is precipitated with ethanol (3 vol). A substance is 
finally obtained, rich in colanic acid but still containing O antigen (15 per cent), 
colominie acid (20 per cent), and a small amount of nucleic acid. These substances 
are presumably bound by electrostatic forces, and conventional fractionation pro- 
cedures fail to separate them. However, by repeatedly shaking a 1 per cent 
solution (0.05 M acetate buffer, pH 5.0) with chloroform-octyl alcohol (3:1),' 
followed by high speed centrifugation. it is possible to separate the O antigen. 
The latter remains in the chloroform emulsion and is discarded. The remaining 
colominic acid, together with small amounts of nucleic acid, can be separated by 
percolating a 1 per cent solution (1.4 gm in 140 ml of 0.05 M acetate buffer, pH 5.0) 
through a short column of DEAE-cellulose (3 gm packed in a column 1.8 X 10 em). 
The filtrate contains the colanic acid free of colominie and nucleic acids; the latter 
remain on the DEAE-cellulose. After dialysis, the colanie acid is recovered by 
freeze drying (yield 0.7 gm from 15 liters of bacterial culture). 

Both the normal opaque form of F. coli 235 and its mucoid variant yield colanic 
acid, though the latter yields nearly three times as much. ‘The transparent variant, 
BE. coli K235 L + T, does not elaborate any demonstrable colanic acid in the 
culture medium. This does not, however, preclude the possibility of small amounts 
of colanie acid being distributed on the cell surface. This question will be dealt 
with later. 

Chemical properties of colanic acid: Colanic acid is obtained as a white, fibrous, 
amorphous substance which is soluble in water and in dilute salt solutions. It 
vields clear solutions which are highly viscous. The nitrogen content of various 
preparations varies between 0.1 and 0.3 percent. The polysaccharide has a C and H 
content of 46.38 and 5.96 per cent, respectively. A 0.5 per cent solution of an 
electrodialyzed preparation of colanic acid has a pH of 2.5. The substance itself 
has an acid equivalent of 468. When the electrophoretic pattern'! of colanic acid 
is examined (veronal buffer, pH 8.6), the substance appears homogeneous (Fig. 1). 
Because of the viscosity, good patterns are difficult to procure. The substance 
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Fia. 1. 
acid. 

(a) Ascending boundary of a solution of 
colanic acid in 0.1 M veronal buffer at pH 
8.6 (concentration 5 mg/ml) after 1860 
seconds. 

(d) Descending boundary. 4 
10-5 em? volt~! see~!. 


> @ 
Electrophoretic pattern of colanic ae ; : 
Fic. 2.—Chromatogram of sugars present in 
an acid hydrolysate of colanie acid. (1) Galae- 
tose (207). (2) Glucose, fucose (20y each). 
(3) Hydrolysate of colanic acid (1007). (4) 
Glucuronic acid (207). (5) Mannuronie acid 
(207). (6) Galacturonie acid (207). Chro- 
matogram developed in pyridine, ethyl acetate, 
acetic acid, water (5:5:1:3) for 24 hr at 23°C, 
using the descending technique. Sprayed with 
AgNO; in acetone, then NaOH in ethanol. 
Fixed in sodium thiosulfate solution. 


—10.1 X 


has a relatively high mobility (u —10.1 X 10~ em? volt~! see~'), indicating 
that the polysaccharide does indeed have strong acidic properties. Colanie acid 
gives a color reaction for uronic acids when tested with naphthoresorcinol or with 
Dische’s carbazole reagent.'* A quantitative estimation by the latter method 
reveals that the polysaccharide contains approximately 14 per cent of uronic acid 
calculated as glucuronic acid. A 1 per cent solution of colanie acid in 1 N H.SO, is 
completely hydrolyzed at 100° within 160 min and yields some 80 per cent of 
reducing sugar, calculated as glucose. If such a solution is freed of sulfate ions, 
concentrated, and chromatographed on Whatman No. 1 paper, the sugars and the 
uronie acid which are present in the hydrolysate can be readily identified.'* The 
polysaccharide is found to be constituted from glucose, galactose, fucose, and 
glucuronic acid (Fig. 2). 

Toxicity of colanie acid: Certain preparations of colanic acid exhibit mild 
toxicity when injected intraperitoneally into mice. Although the polysaccharide 
does not cause death of the animals, nevertheless they suffer slight malaise and 
The animals lose weight and fail to consume their normal com- 
plement of water within the first 48 hr. Their symptoms are typical of those 
exhibited by animals injected with very small quantities of endotoxin. Although 
one cannot demonstrate the presence of any O antigen in purified preparations of 
colanie acid by direct serological test in 
anti-colicine K immune serum, yet the 
sera of rabbits which have been injected 
with highly purified colanic acid will, in 
some instances, show the presence of 
very feeble precipitins for pure colicine 
K. Since the latter is an exceedingly 


some diarrhea. 


Fic. 3.—Gel precipitation reaction of colanic 
acid and colicine K in antibacterial serum be- 
fore and after absorption. In each of the 


efficient antigen, it seems that some of 
our preparations of colanic acid do in- 
deed contain traces of O antigen, enough 
to render the polysaccharide slightly 
toxic and to evoke a feeble colicine K 
antibody response, yet insufficient to be 


figures the upper left-hand well contains colanic 
acid, 2 mg/ml; the upper right-hand well con- 
tains colicine K, 2 mg/ml. In (a), the lower 
well contains E. coli K235 L + O(m) anti- 
serum; (6) serum absorbed with colicine K; 
(c) serum absorbed with colanie acid; (d) 
serum absorbed with colicine K and with 
colanic acid. 
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detected by direct serological means. We make particular mention of this in 
order to emphasize that the purification of macromolecular substances of bacterial 
origin can be fraught with unusual difficulty and that the criteria of their purity 
can at times be singularly fallible. 

Immunological properties of colanic acid: (a) Serological specificity: Colanie 
acid is serologically active. If a solution is titrated against an antibacterial serum 
elicited by the homologous microorganism F. coli K235 L + O (m), the poly- 
saccharide gives a powerful precipitin reaction, which can still be detected in 
concentrations of 1 part in 6 million (Table 1). When tested against this same 


TABLE 1 


Preciprrin Reaction oF CoLanic Actp IN SERA OF Rappits IMMUNIZED witH E. coli K235 


L + O(m) 


- - ~—-—Final dilution of test antigen 
Serum no, 1:2,000 1: 10,000 1:50,000 1: 250,000 1: 1,250,000 1:6,250,000 


06 3 3 / 
>? € l 
/¢ 


98 /s 1/, 2 
99 3 3 


1 
100 F 3 4 : 


In Tables 1 and 2, 4 = heavy disk-like precipitate, clear supernate; 3 and 2 = partial precipitation; '/2 
= trace reaction. 

serum by agar diffusion,'* the carbohydrate shows but one serologically active 
component (Fig. 3, a and 6, left well). That the substance is different serologically 
from the O antigen (i.e., colicine K) derived from the same microorganism is evident 
from the fact that the lines formed by an authentic sample of the latter and colanic 
acid cross (Fig. 3a). Furthermore, if such a serum is first absorbed with pure 
colicine K (Fig. 3b), it still reacts with colanic acid and vice versa (lig. 3c). If the 
immune serum is absorbed with both, there is no reaction (Fig. 3d). 


TABLE 2 


Precrertin Reactions or Cotantc Acip AND ConictIne K 1n Sera or RaBpits IMMUNIZED WITH 
Co.uantc AciIp 


_ -——Final dilution of test antigen -_—- — aA 
Serum no. Test antigen 1:2,000 1:10,000 1: 50,000 1:250,000  1:1,250,000 — 1:6,250,000 


37 Colaniec l 0 0 0 0 
38 acid 0 0 0 0 0 
39 3 4 4 ¢ 2 
40 1 3 3 ; 1 
37 Colicine 1/4 1 2 0 
38 K 0 0 0 0 
39 /, W/o I/, 0 
40 /y 0 0 0 


(b) Antigenicity of colanic acid: Purified colanic acid will incite the formation 
of specific precipitating antibodies in experimental animals. Thus, two of four 
rabbits which were injected with purified colanic acid by the procedure outlined at 
the beginning of this communication yielded good precipitating antisera. That 
the antibodies are specifically directed against colanic acid itself and not the O 
antigen is evidenced by the fact that the latter, when tested in these same antisera, 
gives little or no precipitation (Table 2). 

(ce) ‘“Quellung” reaction of E. coli K235 L + O(m): One of the typical serological 
characteristics of encapsulated microorganisms is their ability to exhibit “quellung”’ 
or swelling in homologousantiserum. This phenomenon, first described by Neufeld, 
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is due to an interaction of the capsular polysaccharide with its specific antibody. 
We have observed that when the mucoid form of /. coli K235 is grown for short 
intervals (4-5 hr) in Todd-Hewitt broth," it too exhibits this phenomenon. Fur- 
thermore, if these same bacilli are stained with India ink, they show the outlines of a 
capsule. For these reasons and for reasons set out below, it is believed that colanic 
acid encapsulates the cell wall of the mucoid microorganism. This does not appear 
to be the only immunologically active component present in the capsule, however, 
for reasons which will presently be seen. 

Agglutination reactions of E.coli K235: Young cultures of F. colt 235 L + O(m) 
will agglutinate in low dilutions of an antiserum elicited by colanice acid, as may be 
seen in Table 3. If the colanic acid antibodies are removed by absorption with the 


TABLE 3 
AGGLUTINATION OF E. coli K235 L + O(m) ann L + Tin Cotanic Actp ANTISERUM 
Strain of E. coli K235 ——_—_-—- ~——Final dilution of antiserum — 
Serum no. tested 1:10 1:20 1:40 1:80 1:160 1:320 
39 L + O(m) 1 1 ; '/, 0 
rs + T 0 0 0 0 


i 3 
39A L + O(m) 0 0 0 0 


Serum 39 = Serum of rabbit immunized with colanie acid. Serum 39A = Serum 39 absorbed with colanic 
acid. In Tables 3 and 4, 4 = complete agglutination, clear supernate; 3 and 2 = partial agglutination; 
1/, = trace agglutination. 


polysaccharide, the serum no longer agglutinates the bacillus. Here indeed is 
proof that agglutination of this microorganism takes place by virtue of the inter- 
action of its encapsulating polysaccharide with homologous antibody. It is of 
interest that the L + T variant does not agglutinate in the unabsorbed immune 
serum, a fact which substantiates our observation that this microorganism does not 
synthesize colanic acid. 

The agglutination reactions of these same two microorganisms in an antibacterial 
serum are not so simple, however. Both agglutinate in an antiserum to the mucoid 
bacillus (Table 4). The L + T variant reacts by virtue of its surface L antigen, 


TABLE 4 
AGGLUTINATION OF E. coli K235 L + O(m) ano L + Tin ANTIBACTERIAL SERUM BEFORE AND 
AFTER ABSORPTION 


Strain of FE. coli K235 —— ——Final dilution of antiserum —~ ————--—~ 

Serum no. tested : :20 1:40 1:80 1:160 1:320 
L + O(m) d d ; ‘ 2 0 
= L+T ) ) 0 0 
L + O(m) : : : 0 0 
L+ T : ‘ , 0 0 
L + O(m) — 3 2 If, 0 
100B b+? “ 0 0 0 0 
. L + O(m) - 0 0 0 0 
1000 L+fT 0 0 0 0 


100A 


Serum 100 = Serum of rabbit immunized with EF. coli K235 L + O(m). Serum 100A = Serum 100 ab- 
sorbed with colanic acid. Serum 100B = Serum 100 absorbed with E. coli K235 L + T. Serum 100C = 
Serum 100 absorbed with E. coli K235 L + T and with colanic acid. 


whereas the mucoid variant does so by virtue of both its L antigen and the en- 
capsulating colanic acid antigen. If such a serum is absorbed with colanic acid, 
it still agglutinates both bacilli, though the titer for the mucoid variant is diminished, 
as one would expect. On the other hand, the titer for the L + T variant does not 
diminish—a fact which indicates that L antibody has not been removed. 
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If the antibacterial serum is now deprived of its L agglutinins by absorption 
with the L + T bacillus, the mucoid variant still agglutinates because the encap- 
sulating colanic acid still reacts with its specific immune body. Upon absorbing 
this same immune serum still further with purified colanic acid, it will be seen 
from the table that the residual agglutinins for the mucoid variant are removed. 

There is, of course, one other consideration which has not been taken into account 
in this analysis: both variants share a common O antigen (colicine KX). However, 
this constituent does not participate in the agglutination reactions of young living 
E. coli which elaborate K antigens, a fact which has frequently been demonstrated.”* 

Although all aspects of the serological analysis of these two organisms have not 
been presented, those which have are more than adequate to establish the fact that 
E. coli 235 L + O(m) elaborates two surface antigens, both of which participate 
in the agglutination of the cell in an homologous antiserum. One is the acidic 
polysaccharide, colanic acid; the other is its L antigen, a substance of unknown 
nature. FL. coli K235 L + T, on the other hand, possesses but one surface antigen, 
an L antigen which appears to be identical with that of the mucoid variant. 

Discussion.—-The isolation of encapsulated mucoid strains of colon bacilli from 
the ileum of calves suffering from scours was reported by Theobold Smith in the 
late twenties.” In three masterful communications he described the colonial 
characteristics of these organisms and their variants, and related them to their 
pathogenicity and serological properties. It remained for his daughter, Dorothea, 
to isolate from one of these mucoid variants a polysaccharide which proved to be 
serologically active.’ There are frequent references in the older literature to 
a so-called “‘slime wall” substance elaborated by other species of /’nterobacteriaceae.'* 
Perhaps the best studied of these is the mucoid substance so frequently encountered 
in strains of S. paratyphoid B.* This was shown to be a nitrogen-free polysac- 
charide?! and is apparently elaborated by a variety of different Salmonella.” 
More recently Henriksen studied the serological properties of some thirteen mucoid 
strains of F. coli isolated from persons suffering from infections of the urinary 
tract. He has shown that these mucoid strains possess a common capsular antigen 
which he has called the M antigen. This substance is presumably a polysaccharide 
and bears a very close relationship to the slime wall antigen of S. paratyphoid B, if, 
indeed, it is not identical with it.?° 

In the present communication we have described the isolation and properties 
of a polysaccharide, which we have named colanic acid, from a colicinogenic strain 
of FE. coli designated as K235. This substance has been obtained in a state of con- 
siderable purity and we have presented evidence which indicates that it encapsulates 
the organism and endows it with its mucoid characteristics. It has been shown, 
furthermore, that colanic acid is serologically active and functions as an excellent 
antigen in its own right. This is a fact of some note for, in the experience of the 
writer, which has not been inconsiderable, only one other native polysaccharide of 
bacterial origin has been encountered which is antigenic in rabbits.*4 

At first we thought colanie acid to be identical with the so-called L antigen of the 
bacillus. This is probably not the case, however, for 2. coli K235 L + T neither 
agglutinates in an anti-colanic acid immune serum, nor does it elaborate any 
demonstrable quantity of colanie acid. We are unable to say at the present time 
whether colanic acid itself is identical with the nitrogen-free polysaccharide isolated 
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by Dorothea Smith, or with that obtained from S. paratyphoid B.*' It is, how- 
ever, quite different from the Vi polysaccharides isolated by Baker™ from cultures 
of S. typhosa, S. ballerup, and a strain of F. coli. Dr. Baker kindly supplied us 
with a sample of his polysaccharide and with immune sera as well, but we were 


unable to find any serological crossing with his carbohydrate and ours. 

In conclusion, let it be said that we believe colanic acid not only encapsulates 
the two opaque variants of 2. coli K235 and masks the O antigen of these bacilli, 
but that it participates in their agglutination reactions. Both of these variants, 
and the L + T variant as well, share an additional surface antigen, a thermolabile 
L, antigen which also contributes to the immunological characteristics of the cell. 
The nature of this substance, however, remains unknown. 

Summary.—-The colicinogenic bacillus 2. coli K235 L + 0 (m) elaborates a 
serologically active, nitrogen-free polysaccharide which we have named colanie acid. 
The isolation of this substance and its immunological properties have been de- 
scribed. Colanie acid is a capsular polysaccharide which confers upon the bacillus 
its mucoid characteristics and certain of its serological properties as well. 


* The work presented in this communication was supported in part by a grant from the Na- 
tional Institutes of Health, U.S. Public Health Service. 
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THE INFRARED SPECTRAL CHARACTERIZATION OF COLANIC ACID 
By Hersert JAFFE 
THE ROCKEFELLER INSTITUTE 
Communicated by Walther F. Goebel, February 12, 1963 


The isolation and properties of colanic acid, a serologically active polysaccharide 
which is elaborated by the colicine K-producing strain of F. coli K235, was described 
in a preceding communication.!. During the course of this study a procedure was 
devised which proved satisfactory in eliminating small amounts of certain tena- 
ciously held contaminants and thus has provided essentially pure colanie acid for 
characterization. One of the analytical procedures which was used in following the 
course of purification was the determination of the infrared spectra of the various 
preparations. This paper briefly reports the final spectral characterization of 
purified colanic acid. 

It will be recalled that, in addition to colanic acid and the type specific O antigen, 
this bacillus also elaborates colominic acid, a polymer of N-acetyl neuraminic acid.* 
It is this substance, together with small quantities of O antigen, which proved most 
difficult to separate from colanic acid. ‘Two preparations of the polysaccharide 
were finally obtained, Nos. 13 and 14, which were essentially free of these substances 
according to chemical and serological assay; both were made by the same procedure, 
except that preparation No. 13 had been further subjected to electrodialysis and 
hence was ash free and in the acidic form. The nitrogen content of these two 
preparations was 0.23 and 0.33 per cent, respectively, and was presumed to be due 
to small amounts of residual nondialyzable nitrogenous material. 

The infrared characterization of the two preparations was made on lyophilized 
samples dispersed in KBr and pressed into 0.7 mm X 13 mm dia. pellets at a con- 
centration of 2 mg per cent (w/w). The spectra were determined on a Model 221 
(Perkin-Elmer) spectrophotometer equipped with a NaCl-prism/grating inter- 
change under optimal conditions of resolution for definitive comparison of the two 
purified materials. As a further quantitative characterization, empirical extinction 
values were determined for the two characteristic bands at 1615 em~! and 1730 em! 
over the concentration range from 1 to 6 mg per cent (ef. Fig. 1). 

The spectra of both samples, as shown in Figure 1, are typical of polysaccharides 
containing a uronic acid.’ Due to the electrodialysis, the essential difference be- 
tween the two preparations lies in the conversion of the salt to the free acid form. 
This difference is revealed by a relative fall of the COO~ absorption bands at 1387 
em~! and 1615 cm! in the spectrum of the electrodialyzed preparation (No. 13) 
with respect to that of the undialyzed substance (No. 14), and a rise of the COOH 
band at 1730 cm~'. It appears, however, that this absorption change is super- 
imposed upon an underlying absorption pattern consisting of two bands at 1630 
em~! and ca. 1730 em~!, since these two bands persist in both the salt and acid 
forms, and since the band at 1630 em~! is definitely shifted with respect to the 
COO~- absorption at 1615 em~'. No definite assignments can be given to these 
two bands, but they could correspond to an amino and a noncarboxylic carbonyl 
absorption, respectively. There is an indication of the loss of a shoulder absorption 
(NH) on the main hydroxylic band at 3500 em~! which appears in the spectrum of 
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Fic. 1.—The infrared spectra of undialyzed (Prep. No. 14, -+++) and electrodialyzed (Prep. 
No. 13, ----) colanic acid in potassium bromide at a concentration of 2 mg per cent by weight. 
The band assignments and positions referred to in the text are as indicated, with the correspond- 
ing empirical extinction values, Ey (1 mg “7, 0.7 mm) shown in parentheses. 


the electrodialyzed preparation as an NH* band at ca. 2500 em~', thus definitely 
confirming the presence of an amino group in both preparations. The lack of an 
amidic absorption band at 1540 em! in the spectrum of colanic acid, which is a 
strong characteristic band in the spectrum of colominic acid* and that of peptides, 
indicates that there is little, if any, contamination due to these particular substances. 
A further spectral difference which might be noted occurs at about 800 em! in the 
region associated with skeletal ring vibrational modes, and in all likelihood it is 
related to a change in the charge of a ring substituent group effected by acidification 
or neutralization, such as would be expected for the carboxyl group in these acid 
polysaccharides. 

In conclusion, it may be stated that a limiting and characteristic infrared spec- 
trum has been obtained for the purified salt and acid forms of colanic acid. The 
spectra reveal the presence of an amino functional group which might well be a 
constituent part of the intrinsic structure of this acidic polysaccharide, but which 
more probably is associated with a strongly adsorbed basic contaminant. 

1 Goebel, W. F., these PRocEEDINGs, 49, 464 (1963). 

? Barry, G. T., and W. F. Goebel, Nature, 179, 206 (1957). 

3Campo, R. D., and D. D. Dziewiatkowski, J. Biol. Chem., 237, 2729 (1962). 





CELLULAR ALTERATIONS IN THE MCH LINE OF CHINESE 
HAMSTER CELLS FOLLOWING INFECTION WITH HERPES 
SIMPLEX VIRUS* 

By Berce HAmMpart AND SoLon A. Evuisont 


DEPARTMENT OF MICROBIOLOGY, COLLEGE OF PHYSICIANS AND SURGEONS, COLUMBIA UNIVERSITY 


Communicated by Renato Dulbecco, February 15, 1963 


We previously reported the isolation of the aneuploid MCH line of Chinese 
hamster cells from a normal line originally derived by Dr. George Yerganian from 
female adult fibroblast derivatives which formed a short-term carrier state with 
herpes simplex virus.'. We also reported the occurrence of chromosomal aberrations 
during the first postinfection division with this virus, and subsequently the pres- 
ence of persistent chromosomal aberrations in clonal sublines derived from infected 
cells.2. This paper is concerned with further studies of the effects of viral infection 


upon chromosomes of MCH cells. 

Materials and Methods.—Cell line: The MCH line and the composition of the medium employed 
were previously described.! All sera used were heated to 56° for 40 min before use. 

Virus: The SAE strain of herpes simplex virus used was previously described.! Virus was 
harvested from cultures of HeLa cells inoculated 24 hr earlier with 108 TCIDs of virus. The cells 
were collected, washed 5-6 times with Hanks’ balanced salt solution, and resuspended in 0.2 M 
PO, buffer containing 0.1° bovine serum albumin (Armour fraction V) at pH 7.0. The cells 
were then disrupted by 3 cycles of rapid freeze-thawing in a dry ice-aleohol mixture, followed by 
4 min of sonication at maximum output in a 10 ke Raytheon sonic oscillator. Following disruption 
of cells, the suspension was centrifuged at 4°, the supernatant collected, and then filtered through a 
millipore filter (MF type HA) in a Swinny hypodermic adaptor before use. 

Virus titrations were performed in six HeLa tubes per dilution, and the TCIDs calculated by 
the method of Reed and Muench.’ This strain of herpes simplex virus causes mainly a non- 
proliferative type of cytopathic effect in HeLa cells as described by Gray et al.‘ 

Infection of cells: A stock bottle of MCH cells was trypsinized (0.259) Bactotrypsin-Difco) 
and centrifuged at room temperature. The resultant pellet was resuspended in medium, and 
the number of cells determined by direct count in a hemocytometer chamber. Three ce of a 
cell suspension containing 2 X 10° cells plus 0.1—0.2 ml of virus suspension or buffer was added to a 
25 ml sterile plastic flask (Faleon Plastics). The cell-virus mixture was then placed on a rotating 
shaker and shaken (370 rpm) for 1 hr at 37°C. The suspension was either diluted directly for 
seeding of plates or first centrifuged and the cells washed to remove the bulk of residual virus. 
For cloning and plating efficiency studies, approximately 500 cells were seeded in Petri dishes. 
Within 24 hr the location of single attached cells was noted. These cells were observed during 
the next 7 days, and individual clones which were well isolated were removed with a capillary 
pipette and seeded in separate 25 ml plastic flasks. The flasks were incubated at 37° in an 
atmosphere of 5% CO: in air and refed every 2-3 days until a full cell sheet had formed. The 
cells were then trypsinized and passaged normally. 

Virus antiserum: Antiserum was prepared in rabbits by intravenous inoculation of 108 TCID 
of virus for six consecutive weeks. Neutralizing antibody was assayed in HeLa cells by a constant 
virus-varying serum dilution method following incubation at room temperature for one-half 
hour. Serum from a single animal having a titer of 1:130 for 10° TCIDs virus was used through- 
out. Preinoculation bleeding from the same animal was used as control. All sera were heated 
to 56° for 40 min before use. 

Chromosome preparations: Approximately 2 X 10° cells in 3 ml medium were seeded in glass 
Petri dishes containing 2 coverslips. After 48-72 hr, colchicine was added to yield a final concen- 
tration of 0.5 ug/ml. Plates were reincubated for an additional 2-4 hr. The medium was made 
hypotonic by adding '/2 volume of prewarmed deionized water, and the plates were incubated 
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for 7 min. Cells were fixed in Carnoy’s 3:1 at room temperature for 2-4 hr. The coverslips 
were stained with aceto-carmine and mounted on slides using a squash technique. 

Cells were studied under the phase microscope at 250 magnification, and the location of intact 
cells with well-dispersed chromosomes was noted. These same cells were then studied under the 
oil immersion lens. Any cell whose chromosomal morphology was doubtful was photographed 
and an enlarged 8 X 10 print was made to facilitate study. 

Results.—The MCH line has a consistent plating efficiency of 35-45 per cent. 
Even at viral multiplicities greater than 10* per cell, no decrease in plating effi- 
ciency was noted when virus was added either at the time cultures were initiated 
or subsequent to cell attachment. However, when the virus-cell suspension was 
shaken for | hr at 37°, cell killing as measured by a decrease in plating efficiency 
was observed. The linearity of the relation 
between cell survival and the amount of virus 
added (as shown in Fig. 1) indicates single- 
hit kineties. Shaking by itself caused no de- 
crease in the plating efficiency of control 
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cells. 

Virus neutralized with specific antiserum 
or inactivated at 56° for 30 min did not cause 
a decrease in plating efficiency. Neither 
normal rabbit serum nor antiserum to virus 
had any effect on the plating efficiency of un- 
infected cells. Normal rabbit serum did not 
affect virus killing. Inoculation of control 
cells with phosphate buffer containing bovine 
serum albumin or extracts from uninfected 
HeLa cells had no effect. No cell killing was 
evident when cells were shaken alone and 
then virus added. The role of shaking in 
the production of the chromosomal abnor- 
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malities to be described is not understood. 


similar to those reported in other Chinese Fic. 1.—Cell survival following shaking 
hamster lines with two exceptions. The of MCH cells with herpes simplex virus at 
various multiplicities. 


first is the appearance of a distinctive 
marker (M) chromosome, apparently unique to the MCH line, and the second is 
a modification in the X.-chromosome seen in over 70 per cent of the cells, where a 
deletion has occurred in the short arm. This latter alteration has been seen in other 
Chinese hamster lines.” The origin of the M-chromosome is not known, as the 
MCH line appeared spontaneously in a bottle seeded with a normal aneuploid 
(24-26 chromosomes) line of adult female Chinese hamster cells. The stemline 
number in the MCH line has remained at the 24 chromosome level with no tendency 
toward heteroploidy. There is, however, no regularity in the karyotype of these 
cells as regards the number of each chromosome type present. More than one M- 
chromosome per cell is rarely encountered. No variations in the number of sex 
chromosomes have been observed. We have never seen an uninfected MCH or 
clonal subline cell which did not contain a marker (M) chromosome. 

Figure 2 shows comparative idiograms of an MCH cell and a diploid Chinese 





MICROBIOLOGY: HAMPAR AND ELLISON Proc. N. ALS. 


Il-FAF 
et CORK 13 tz ge ae an Xf 


X, Xe 
MCH 


Whgd as aeee# Gaanoas € HF 
i) 


Fig. 2.—Idiograms comparing chromosomes of a normal diploid Chinese hamster cell (11-FAF) 
and an MCH cell. Both a normal and a modified X2 are included for comparison. The marker 
(M) is seen only in the MCH line. 
hamster cell from a line kindly supplied by Dr. Yerganian.6 Except for the M and 
modified Xs, the chromosome arm ratios are very similar to those seen in other 
Chinese hamster cells.7~* The M-chromosome has an interarm ratio of 1.84 and 
the modified Xo, 4.0. 

The chromosomes of infected shaken 
cells were studied during the period of 
their first cell division. Depending on 
the multiplicity of infection, severe 
chromosomal aberrations manifested 
by multiple breakages occurred during 
the first 3 days after infection of 
cultures as shown in Figure 3. The in- 
cidence of the aberrations paralleled 
the rate of cellular killing as determined 
by the decrease in plating efficiency. 
The aberration rate returned to the 
control level of 1-3 per cent by the fifth 
postinfection day, and remained so 

oo during subsequent passages. When 

Fic. 3.—Chromosomes of a nonsurviving in- the cells of later passages were studied 
prea Te the first postinfection division with respect to possible chromosomal 
i ane j alterations, no differences from normal 
were evident. Strikingly different results were obtained when infected shaken 
cells were plated at low concentration immediately after infection as for plat- 
ing efficiency studies, and individual clones isolated and propagated separately 
after 7 days. 
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TABLE 1 
CHROMOSOME DELETIONS IN INFECTED AND UNINFECTED CLONES* 


No. deletions/cell 
Control 0.025¢ (0.02-0.03)t 
Infected 1.9 (1-2.5) 
* Represents data from 50 cells per clone. 


t Average from all clones. 
t Range among clones. 


We have thus far studied 12 such infected and 17 control clones in detail. 


—-—— ——Percent of Total Deletions 
Chromosomes No. 


3 Xi 
47 0 
5 


No 


degenerative changes appeared in any of the infected clones during the subsequent 
two-month period, nor were there any changes from normal in plating efficiency. 
Chromosomes of all infected clonal lines studied 5—6 weeks after infection showed 


a number of alterations, many of which 
could be identified as surviving chro- 
mosome or chromatin deletions of 
specific segments on chromosomes 
Nos. 1, 2, and 3, following loss of the 
acentric fragments. The 
rate in these cells varied from 1—3 per 
cent. Table 1 shows the number and 
involved chromosomes with — stable 
changes having the major deletions that 
were found among infected and control 
clones. These do not include asym- 
metrical aberrations such as chromatid 


aberration 


lesions or gaps, dicentrics, rings, and 


translocations. Deletions occurred at 
a frequency of 80-100 per cent in all 
infected clones, while in controls the 
maximum frequency was 3 per cent. 
Figure 4 shows the frequency of the 
major deletions at the various loci on 
chromosomes Nos. 1, 2, and 3. 
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Fic. 4.—Diagrammatie representation of 
chromosomes Nos. 1, 2, and 3 showing the rela- 
tive frequency of deletions at various loci in in- 
fected cells. The numbers below chromosomes 
Nos. 1 and 2 are taken from Somers and Hsu.” 


The numbers below chromosomes Nos. 1 and 2 


represent the loci designated by Somers and Hsu!® as involved in aberrations fol- 
lowing treatment of Chinese hamster cells with 5-bromodeoxyuridine, hydroxyla- 


mine and X irradiation. 


We have seen no deletions on these chromosomes occur- 


TABLE 2 
ANALYsIs oF 20 Cetts From Two INFectep CLONES SHOWING ALTERED CHROMOSOMES 


Chromosome 


Cell No. affected 


Clone 4 1 


2,3 


2 
2 
2 
2 
9 


Chromosome 


Cell No. affected 


Clone 8 1 


SOWDNOUm Ot 
mrornwry 
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Fig. 5.—Chromosomes of an infected MCH 
cell showing one unidentifiable chromosome 
(arrow). One chromosome No. 2 has a deletion 
at position 11. No marker chromosome is evi- 


we 
As 


Fic. 6.—Chromosomes of an infected MCH 
cell. One chromosome No. | shows two chroma- 
tid breaks (arrows). One chromosome No. 3 
shows a chromatid break (arrow). The chro- 
mosome labeled (B) is probably the X, with an 
elongated long arm. Chromosomes labeled (A) 
and (C) are unidentified. No marker chro- 
mosome is evident. One chromosome No. 2 has 
a deletion at position 11. 


HAMPAR 


AND ELLISON Proc. N. ALS 
ring at loci differing morphologically 
from those reported by these authors. 
Deletions in control cells occurred at 
the same loci on chromosomes Nos. 1, 2, 
and 3. 
While 


the relative distribution of 


affected chromosomes within each clone 
generally followed the scheme described 


in Table 1, there was always some 
variation within cells of a given clone 
which chromosomes were in- 
volved. Table 2 shows the 
20 cells selected at random from 2 in- 
fected clonal sublines. Frequently a 
cell showed deletions in more than one 
Rarely were both chro- 


as to 
analysis of 


chromosome. 
mosomes of a pair involved within a 
single cell. These changes are ap- 
parently compatible with cell survival, 
as shown by the maintenance of normal 
plating efficiency. Deletions in control 
cells occurred at the same 
chromosomes Nos. 1, 2, and 3. 

Chromosome alterations other than 
deletions were evident. In at 
least 3 of the infected clones, over 50 
per cent of the cells showed no recogniz- 
able marker chromosome (Figs. 5 and 
6). In two infected clones, almost 
every cell had at least one new chromo- 
some which would not be identified, 
and was morphologically different from 
cell to cell (Figs. 5 and 6). Changes 
were also seen in the sex chromosomes; 
however, due to the similarity of the 
X-chromosomes to autosomes, we have 
not been able to make a systematic 
study of the frequency or morphology 
of these changes. Those changes which 
could be identified occurred mainly in 
the X,-chromosome (igs. 6-8). Some 
of these changes were reported to occur 
in both spontaneous and polyoma- 
induced tumor cells of Chinese ham- 


loci. on 


also 


sters.? 
Discussion. —The MCH 
shows arrested mitosis when killing 


system 
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occurs following shaking of cells with 
virus. Killing is manifested by multi- 
ple chromosomal aberrations in colehi- 
cine blocked metaphase cells. The 
severity of the aberrations indicates 
that cell death results from the cells’ 
inability to complete division. Ap- 
parently, this represents a special type 
of cytopathic effect for this virus. 
Stoker and Newton!'! and Roizman! 
reported arrested mitosis in herpes- 
infected but chromosomal 
aberrations were noted. Cell killing 
concomitant with multiple aberrations 
was seen in the first generation after 
X irradiation of Chinese hamster cells 
by Greenblatt." 

The reason for the apparent absence 
of permanent chromosomal alterations 
when infected shaken cells 
in large numbers (2 X_ 10°), in con- 
trast to cells cloned after infection, is 
not clear at the moment. It is possi- 
ble that cell density influences the ap- 
pearance of the alterations, and that 
the alterations are produced in cell 
lineages which have a selective dis- 
advantage in mass cultures. The pres- 
ence of alterations at high frequency in 
all infected clones is especially interest- 
ing owing to two characteristics of the 
process. The first characteristic is the 
different distribution of breaks in the 
cells of the same clone. This difference 
shows that breaks were formed in dif- 
ferent cells during the growth of the 
clone. The observations would suggest 
that new breaks appear for several cell 
generations after infection. Thus, an 
agent causing breaks may persist in the 
cells for some time. 


cells, no 


are seeded 


The other characteristic is the location of the breaks. 
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Fig. 7. 
cell. 


Chromosomes of an infected MCH 
One chromosome No. 2 has a deletion at 


position 11. The X,-chromosome has a deletion 


in its short arm. The X.-chromosome has 
centromeric break with only one arm evident. 
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Fic. 8.—Chromosomes of an infected MCH 


cell. 


of its long arm. 


The X,-chromosome shows an elongation 


They 


are located at loci morphologically undistinguishable from those at which breaks 
occur following exposure of the cells to 5-bromodeoxyuridine, hydroxylamine, and 


X-irradiation treatment. 


erty of the cell and not of the inducing agent. 
Subsequent to our initial findings, a number of reports have appeared of chromo- 


somal involvement following infection of cells with simian vacuolating virus 


This suggests that the location of the breaks is a prop- 
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(SVyo)'4~"§ and measles virus." Probably other viruses will be found to have similar 


effects on cells. 


We are grateful to Dr. George Yerganian for his assistance and advice during the course of 
this work. 
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THE DENATURATION AND THE RENATURATION OF 
THE DNA OF POLYOMA VIRUS* 


By RoGer WEIL 


DIVISION OF BIOLOGY AND DIVISION OF CHEMISTRY AND CHEMICAL ENGINEERING, CALIFORNIA 
INSTITUTE OF TECHNOLOGY f 


Communicated by Renato Dulbecco, January 7, 1963 


Polyoma virus induces neoplastic growths in some rodents and causes cytopathic 
effects in mouse embryo tissue cultures.'. It contains DNA corresponding to a 
molecular weight of 7.5 X 10° per intact virus particle.2 The genetic information 
for the replication of the virus and for the initiation of tumors in hamsters is con- 
tained in a subviral infective agent (SIA) which can be extracted from the virus*: 4 
with phenol. The SIA consists essentially of the viral DNA which is mainly base- 
paired.’ From the buoyant density (1.709 gm em~-*) in CsCl gradients and from 
the melting profile it can be estimated that the DNA of polyoma virus should con- 
tain about 49 mol % of guanine-cytosine. The presence of small numbers of 
unusual nucleotides or of small amounts of constituents other than DNA could 
not be excluded. Sedimentation velocity studies of phenol extracts from purified 
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“ showed the presence 


polyoma virus by the newly developed band centrifugation” 
of three discrete fractions. 

It will be shown in this paper that the DNA of polyoma virus exhibits some prop- 
erties which have not been reported for other base-paired, functional DNA. 

Material and Methods.——-The SIA and the DNA from purified preparations of polyoma virus® 
were extracted with phenol in the presence of Na-trichloroacetate (pH 8.0) and EDTA according 
to a technique described previously.‘ The infective titer of phenol extracts was determined by a 
modified plaque assay method.‘ 

The treatment of the phenol extracts with enzymes and with formaldehyde, and the methods 
used for the preparative and analytical sedimentation equilibrium centrifugation in CsCl density 
gradients, will be described elsewhere.6 DNA from bacteriophage \ (bebsc) was extracted with 
phenol and assayed for infectivity according to a method described by Kaiser.® 

Thermal denaturation and thermal reannealing: Thermal denaturation and reannealing were 
performed essentially according to Marmur and Lane? and Marmur and Doty.’ The buffers in 
which the extracts were heated at 100°C were either 0.1 MJ NaCl-0.05 M tris pH 8.0. 0.1 M 





ROTOR CENTER 
_—_—_— > X INFECTIVITY 


@ ABSORBANCE 
© RADIOACTIVITY 


a 
° 
°o 


cptl7lO gm em? 


aw 
° 
° 
pfu/fraction 
U01,204,/wdo 
ALIAILOVOINOVY 


nN 
° 
o 


a 
E 
° 
wo 
N 
° 
ve) 
oO 
2 
<a 
@ 
a 
°o 
” 
o 
a 





INFECTIVE TITER X10-> 


° 
° 


aii 











° 


MARKER ———> ROTOR CENTER” 
FRACTIONS 
tdrop/fraction 
Fic. 1.—The behavior during sedimentation 
equilibrium centrifugation in CsCl of polyoma Fic. 2.—Native polyoma SIA: Untreated 
DNA freshly extracted from purified virus phenol extract from infected mouse embryo 
(DNA from M. lysodeikticus'® used as a density ell cultures. E. coli C“-DNA added as a 
marker, p = 1.732 gm em~’). (A) Native poly- density marker (p = 1.710 gm em~). Cen- 
oma DNA. (B) Polyoma DNA (37/ml) heated  trifuged in CsCl gradient at 35,000 rpm for 


ort 


for 5 min at 98.7 J in 0.01 M citrate-phos- 43 hr. Pfu = plaque-forming units. 
phate buffer, pH 7.0; quenched in ice water. 


NaCl-0.02 M citrate-phosphate, or 0.02 or 0.001 M citrate-phosphate, pH 7.0. The rapid cool- 
ing was done either by immersing the glass vials into ice water or by diluting the heated samples 
at the end of the heating period with 10 to 20 volumes of an ice-cold buffer. Thermal reanneal- 
ing was done by adjusting the heat-denatured phenol extracts to 0.3-0.4 M NaCl (pH 7.0), fol- 
lowed by heating for 15 to 30 min at 70°C. 

Denaturation and reannealing by formamide: For the denaturation of DNA the procedures of 
Helmkamp and Ts’o,! and Marmur and Ts’o' were followed. Formamide (99%, Matheson, 
Coleman, and Bell) of low conductivity and neutral pH were used at concentrations ranging from 
85-99% v/v. In all the experiments the final concentration of NaCl was below 0.01 M. The re- 
sults were essentially the same whether the incubation in formamide had been carried out at room 
temperature (23°C) or at 50°C. The formamide was removed by dialyzing the samples at 4°C 
against buffers containing 0.1 17 NaCl. In some experiments the reannealing procedure developed 
by Studier!? was used: the denatured DNA preparation was reannealed for 2 hr at room tem- 
perature in 50% v/v formamide, in the presence of 0.5 M NaCl (neutral pH) and thereafter the 
formamide dialyzed out. 
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Results.—The DNA extracted from purified preparations of polyoma virus formed 
in the CsCl gradient in the analytical ultracentrifuge a single, rather broad band 
with the peak at a density of 1.709 gm em~* (Fig. 1A). Phenol extraets from in- 
fected mouse embryo tissue cultures were centrifuged under comparable conditions 
in the preparative ultracentrifuge. The mouse DNA formed a broad band. The 
peak of the band containing the infectivity of native phenol extracts nearly co- 
incided with that of the radioactive FE. coli DNA (1.710 gm em~*)™ used as a 
density marker (Tig. 2). 

The denaturation of polyoma DNA: (a) Thermal denaturation: Polyoma DNA 
has a relatively sharp melting profile with the midpoint, T,,, at about 89°C (0.15 
M NaCl). The transition was complete within a few minutes at 95°C as judged 
by the optical absorbance at 260 my. After heating and rapid cooling under 
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2 drops/fraction 


Fig. 4.—Heated and rapidly cooled polyoma 

= 33 SIA: Aliquot of the phenol extract shown 

a in Fig. 1 heated at 100°C for 10 min in 0.1 

; | nme M NaCl-0.05 M tris pH 8.0. Cooled in ice 
Fic. 3.—Inacetivation of polyoma SIA upon water. Native E. coli C'*-DNA added prior 

heating at 100°C: Phenol extract heated at to density gradient centrifugation. 

100°C for the indicated lengths of time in ‘ 

0.1 M NaCl-0.01 M tris pH 8.0. Aliquots 

cooled in ice water and immediately assayed 

for infectivity. 











conditions sufficient to melt polyoma DNA, the infective titer of phenol extracts 
containing the SIA regularly increased by a factor of about three. The effect 
was independent of the amount of heterologous DNA present (at least up to 300 
y/ml) and of the ionic strength within the range tested. The same increase was 
observed when the SIA had been subjected to density gradient centrifugation or 
when it had been incubated with chymotrypsin prior to the heating. In contrast, 
the DNA of bacteriophage \, heated under the same conditions, lost about 99 
per cent of the original infectivity. Slow cooling as well as reannealing at 70°C 
resulted in a marked decrease of the infectivity of phenol extracts containing the 
SIA with respect to rapidly cooled controls. 

Upon heating at 100°C, followed by rapid cooling, the infectivity of phenol 
extracts was remarkably stable up to about 15 min (Fig. 3). 
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In the CsCl density gradient the infective material contained in phenol extracts 
which had been heated for 5 to 10 min at 100°C (followed by rapid cooling) formed 
two bands with about the same amounts of infectivity. The lighter band cor- 
responded to the density of largely renatured, and the heavier band to the density 
of denatured, polyoma DNA (Fig. 4). The bimodal distribution was the same 
whether the heating at 100°C had been done in 0.1 4/ NaCl or in 0.001 M citrate- 
phosphate. It is likely that clusters made up entirely of the base-pair guanine- 
cytosine would have melted out in 0.001 / citrate-phosphate.'* The assumption 
that the observed increase in the buoyant density of a fraction of the SIA was caused 
by the collapse of its secondary structure was further supported by the high sen- 
sitivity to formaldehyde" of the SIA in the sade 
band of higher buoyant density (Fig. 5). ! a 
Native SIA showed a very low sensitivity 
to 1.8 per cent formaldehyde, (at 37°C, 
pH 7.0, about one “lethal hit” within 18 
hours). With polyoma DNA freshly ex- 
tracted from purified virus similar results 
were obtained upon heating at 100°C 
followed by quenching in ice water. The 
DNA formed two distinct. bands in a 
CsCl gradient in the analytical ultracen- 
trifuge. One band had the buoyant den- 
sity of denatured, and the other that of 
largely renatured, polyoma DNA (Fig. 
1B). 

The DNA of bacteriophage \ was fully 
denatured after heating for 1 min at 100°C i214 20 
(followed by rapid cooling) as determined FRACTIONS sisi 
by the increase of the buoyant density 2 drops/fraction 


ina CsCl gradient. Fic. 5.—Sensitivity to formaldehyde of heated 
and rapidly cooled polyoma SIA after CsCl 
. : 3 F density gradient centrifugation: Phenol ex- 
cubation with formamide under condi- tract heated for 6 min at 100°C in 0.1 M 
tions which were adequate to denature NaCl0.01 M tris pH 8.0, quenched in ice 
‘ ‘ ‘ 7 water, and centrifuged in a CsCl density 
and to inactivate preparations of \ DNA | gradient for 44 hr. Fractions collected and 
to about 1 per cent of the native control, divided in two aliquots. Both aliquots in- 
: Af : aii iti cubated at 45°C for 40 min (pH 7.0); aliquot 
did not result in a decrease of the infective B in the presence of 1.8°% formaldehyde. 
titer of phenol extracts containing the SIA. —— for 2 days prior to the assay 
i cep i ‘ or infectivity. 
Incubation in formamide in the presence 
of 1.8 per cent formaldehyde at neutral pH and room temperature resulted in a rapid 
and complete loss of the infectivity. | In CsCl density gradients the banding pattern 
of the formamide-treated SIA was not significantly different from that of untreated 
controls (Fig. 6). The mouse DNA present in the treated phenol extracts, how- 
ever, showed the expected increase in the buoyant density and the loss of the char- 
acteristic melting profile. It is likely that the SIA denatured during the treatment 
with formamide but that it renatured while the reagent was dialyzed out. 
(c) Denaturation under alkali and acid conditions: Polyoma DNA denatured 
at 25°C around pH 12 and showed in CsCl density gradients the expected marked 
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(b) Denaturation by formamide: In- 
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shift toward a higher buoyant density." Phenol extracts containing the SIA did 
not show any detectable loss of infectivity upon incubation at 37°C at pH 7.0 
in 0.03 MV citrate-phosphate buffer for at least 30 hr. Incubation at a pH of 3 or 
below resulted in a very markedly increased rate of inactivation. The relatively 
slow onset of the inactivation upon lowering the pH to 3 or below suggests that the 
inactivation was probably not due to the collapse of the helical structure per se.” 
The renaturation of polyoma DNA: If phenol extracts were heated in 0.02 M/ 
citrate-phosphate at 100°C for 5 to 10 min and rapidly cooled, then incubated with 
1.8 per cent formaldehyde, pH 7.0 at 37°C, about 95 per cent of the heated SIA 
was more than 200 times as sensitive to the reagent as the unheated SIA. About 
5 per cent of the heated and rapidly cooled SLA showed a sensitivity to formaldehyde 
which was comparable to the low sensitivity of native SIA. The heated and rapidly 
cooled SIA remained equally sensitive to formaldehyde if it was stored in 0.02 / 
citrate-phosphate pH 7.0 for 24 hr at 4°C prior to the incubation with the reagent. 


Sa as 
x inFectivity |/0° T T 


@ ABSORBANCE X INFECTIVITY 
© RADIOACTIVITY @ ABSORBANCE 





Dal 
° 


pfu/fraction 
pfu/fraction 


rs 
° 
U01}2045/wdo 


ALIAILIVOINVY 





INFECTIVE TITER x107° 





INFECTIVE TITER x10° 


a 

E 
° 
© 
Nn 

fo} 
WwW 
o 
2 
< 
o 
x 
°o 
” 
a 
< 


ABSORBANCE at 260mu 

















pex-t “ts, 
18 20 22 «24 26 428 © 30 
————+» ROTOR CENTER 
FRACTIONS 
Fia. 6.—Formamide-treated polyoma SIA: 2 drops/fraction 
Phenol extract incubated for 25 min at 37°C 
in 84% (v/v) formamide (0.01 M NaCl- Fig. 7.—Thermal reannealing of heated and 
0.005 M tris pH 8.0-0.001 M EDTA); there- rapidly cooled polyoma SIA: Phenol ex- 
after dialyzed at 4°C against 0.1 M NaCl- tract heated at 100°C for 10 min in 0.1 M 
0.05 M tris pH 8.0-0.001 M EDTA. Native NaCl-0.01 M tris pH 8.0. Cooled in ice 
E. coli C'%-DNA added prior to density water. Reannealed for 30 min at 70°C in 
gradient centrifugation. 0.32 M NaCl-0.03 M tris pH 8.0. 
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However, addition of 1.8 per cent formaldehyde immediately after the heating and 
cooling had little effect on the extent to which (purified) polyoma DNA renatured 
spontaneously, as determined by its buoyant density. Thus, it is probable that the 
reformation of the helical configuration took place during or soon after the cooling. 
The marked sensitivity to formaldehyde of most of the heated and rapidly cooled 
SIA, as detected by loss of infectivity, suggests that the arrangement of the com- 
plementary strands on most of the reformed helices was not fully regular im- 
mediately after the rapid cooling, and that a more regular arrangement took place 
in the CsCl solution (Figs. 4 and 5). 

Preliminary experiments in the analytical ultracentrifuge showed that the extent 
to which purified polyoma DNA renatures spontaneously after heating and rapid 
cooling decreases as a function of the time of heating at elevated temperatures. 
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Similarly, “aged” (4°C) polyoma DNA showed a decreased tendency to renature 
spontaneously. 

The renaturation of heat-denatured SIA occurred readily following incubation 
in formamide. Dialyzing the reagent out was sufficient for renaturation to occur. 
Similarly, thermal reannealing of heat-denatured SIA (Vig. 7) or (fully) heat-de- 
natured purified polyoma DNA restored the buoyant density of the SIA and of 
the DNA nearly to that of the native controls. After thermal reannealing the 
SIA lost its high sensitivity to formaldehyde. Attempts to reanneal formamide- 
denatured preparations of NDNA (2 yg/ml) with formamide did result in a very 
small increase in the infectivity only. 

Discussion.—The DNA of polyoma virus shows some properties which have not 
been reported for any other base-paired, functional DNA. Thus, the collapse of 
the secondary structure does not impair its biological activity. The differences of 
the effect of heating on polyoma DNA and transforming bacterial DNA can be ex- 
plained, at least partially, by the properties of the assay systems used in the two 
"ases. 

The uptake of native as well as of denatured polyoma DNA by mouse embryo 
cells proceeds in at least two distinct steps:* a rapid initial attachment to tbe cells 
is followed, under adequate experimental conditions, by a time and temperature 
dependent process which possibly corresponds to the uptake of the DNA into the 
cells. Radioactive polyoma DNA which had been heated for 5 or for 20 min at 
100°C (followed by rapid cooling) attached to mouse embryo cell monolayers 3 to 
5 times more efficiently than the unheated DNA. Thus, the regularly observed 
increase in the infective titer of phenol extracts after heating under conditions 
where polyoma DNA melted out, at least temporarily, can possibly be explained 
by a more efficient initial attachment of the heated SIA to the mouse embryo cells. 
On the contrary, the uptake by intact bacterial cells of transforming DNA is sharply 
reduced upon denaturation. '® 

The stability of the infective titer upon heating at 100°C is not understood. 
The loss of infectivity upon reannealing for 30 min at 70°C stands in apparent 
contrast to the stability of the SIA when heated at 100°C (followed by rapid cool- 
ing). The reason for this is not known; it may be due partially to a reversal of the 
phenomenon leading to the increase in the infectivity after heating and rapid cooling. 

The outstanding feature of the DNA of polyoma virus is its great readiness to 
renature. Because of its homogeneity, the renaturation of the DNA extracted 
from purified polyoma virus preparations is expected to occur readily under optimal 
reannealing conditions.’ However, no other functional, helical DNA has been 
reported so far which shows a comparable tendency to renature spontaneously 
after heating and rapid cooling in buffers of relatively low ionic strength as does the 
DNA of polyoma virus. This behavior is somewhat reminiscent of that of helical 
DNA, the strands of which have been cross-linked by treatment with nitrous acid, 
bifunctional nitrogen mustard,” or by irradiation with ultraviolet light.21 How- 
ever, on the basis of the evidence presented, a complete separation of the comple- 
mentary strands followed by a very rapid nucleation and reformation of the helical 
structure cannot be excluded. 

The DNA’s of two other mammalian viruses, adenovirus (type 2)?* and pseudo- 
rabies virus,?* with molecular weights similar to that of polyoma virus, show a 
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melting behavior which is in accordance with that reported for other base-paired 
DNA. 

The biological significance of the above-mentioned properties of polyoma DNA 
isnot known. The similarity in several respects of polyoma virus with at least two 
other tumor-producing viruses, the Shope papilloma virus** and the virus SV 40,” 
is remarkable. They are the only mammalian viruses so far reported to yield an 
“infective DNA” upon extraction with phenol.** The “infective DNA’ of all 
three viruses shows a comparable thermal stability.27. ** The physico-chemical 
properties of the DNA of polyoma virus are similar in some respects to those of the 
DNA of Shope papilloma virus.** Preliminary experiments, however, suggest that 
the buoyant density of the DNA of the three viruses is not identical. A better 
understanding of the nature of the DNA of polyoma virus and that of related 
mammalian viruses has to be acquired in order to learn whether there might exist a 
‘ausative relation between the observed properties of polyoma DNA and its onco- 
genic potential. 
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AN APPROXIMATE CELL MODEL FOR LIQUID HYDROGEN, II 
By DouGLtas HENDERSON 
DEPARTMENT OF PHYSICS, ARIZONA STATE UNIVERSITY 


Communicated by Henry Eyring, January 29, 1963 


In a previous publication! (hereafter called I), an approximate cell model was 
formulated and applied to liquid hydrogen. In this approximate model the po- 
tential well of Lennard-Jones and Devonshire? was approximated by a parabolic 
well split by a region of constant potential. This approximate cell model appears 
to preserve the essential features of the Lennard-Jones and Devonshire theory but 
does not involve the computational difficulties of the exact method of Levelt and 
Hurst.* : 

In this publication the variation of thermodynamic properties among the Hy, 
isotopes is reported. 

Comparison of Tabulated Properties and Conclusions.—In Table 1 the reduced 
internal entropy is tabulated for the five H. isotopes. The reduced thermodynamic 
functions have been defined in I and the potential parameters (e/k = 37.00°K, 
o = 2.928 A) have been assumed to be the same for all five liquids. The appro- 
priate values of the quantum parameters of these five liquids, obtained from Hirsch- 
felder et al.,4 have also been included in Table 1. The communal entropy correc- 
tion has been introduced and, therefore, the internal entropy tends to zero at high 
temperatures and low densities. In Tables 2 and 3 the reduced internal energy and 
the reduced internal specific heat are tabulated. The internal energy and specific 
heat are in reasonable agreement with the calculations of Levelt and Hurst. 
The agreement of the internal entropy with the calculations of Levelt and Hurst 
is less satisfactory. 

As was reported in I, this approximate cell model does not give satisfactory values 
for volume derivatives. However, it does give reasonable results for the quantum 
correction. If the quantum correction to the reduced pressure is added to the re- 
duced pressures, calculated by Hirschfelder et al.,‘ for the classical cell theory, a good 
estimate of the critical constants may be obtained. The calculated and experi- 
mental critical constants of the five Hy isotopes are given in Table 4. The experi- 
mental critical constants for H,, HD and De. were obtained by Hoge and Lassiter.° 
The “experimental” critical constants of DT and T, are given in parentheses, since 
they are estimates given by Iriedman et al.* based on an assumed linear variation 
of the critical properties with A*. For comparison, the calculated and experimen- 
tal critical constants for a classical liquid have also been included. The calculated 
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TABLE 4 
CALCULATED AND EXPERIMENTAL CRITICAL CONSTANTS 

r* ke 

1.729 O.85 
0.8917 

1.412 0.96 
0.9705 

04 

O34 

OS 

07) 

10 

10) 

Classical 30 

28 


* 


* 


De 
O.115 Cale. 
0636 Exp. 
18O Cale. 
0729 Exp. 
244 Cale. 
OS11 exp. 
265 Cale. 
O862) Exp. 
282 Cale 
0901 ) Exp. 
434 Cale. 
Ov 121 exp. 


roan os & 


We WoW Whe tS et < 


critical constants for the H» isotopes are of the same order of accuracy as are the 
calculated critical constants of the classical cell model. To illustrate this, the cal- 
culated and experimental critical constants of the five H. isotopes have been nor- 
malized by dividing by the calculated and experimental critical properties for a clas- 
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Fic. 1.—Normalized critical constants of the five Hz isotopes. The solid lines join the calculated 
values of the critical constants and the dotted lines join the experimental values. 





sical liquid and the resulting values are plotted in Figure 1. The agreement is 
surprisingly good. Departures from a linear dependence of the calculated critical 
constants on A* are to be noted for DT and Ts. Whether this does indeed occur 
or whether it indicates a deficiency in the model must wait until experimental crit- 
ical constants are available for these two liquids. 

In addition to the usual assumptions of the cell model and the assumed validity 
of the simplified potential well, three other assumptions have been made. First, 
it has been assumed that all the H» isotopes have the same potential parameters. 
However, Michels et al.? have found that there is a difference between the potential 
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parameters of H, and D, which appears to be due to differences in polarizability 
between H». and D..8 In addition, the fact that HD, HT, and DT rotate around 
a center of gravity which is not situated halfway between the two atoms, as is the 
case with He, D», and Ts, may cause further differences between the potential param 
eters. Secondly, the separation of translational and rotational motion is not 
completely justified, since the molar volume of liquid parahydrogen is known to be 
larger than that of liquid orthohydrogen.’ Finally, it should be pointed out that 
Boltzmann statistics have been used throughout. In view of the relative crudity 
of the cell model it does not seem useful to correct for the differences in potential 
parameters or for the effect of rotational motion. However, it might be of interest 
to investigate the effect of applying quantum statistics. Strictly speaking, quan- 
tum statistics should not be used in the cell model. However, the introduction of 
quantum statistics very probably involves the same type of assumptions as does the 
introduction of the communal entropy into the classical cell model. Indeed, 
Prigogine and Philippot'’ have considered the effect of quantum statistics in liquid 
helium by allowing for the effect of doubly occupied cells. 


The financial support of the American Chemical Society grant PREF 753C and of the Per- 
manent Science Fund of the American Academy of Arts and Sciences is gratefully acknowledged. 

Thanks are also due to the staff of the Western Data Processing Center of the University of 
California, Los Angeles, California, where the numerical computations were performed. 
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EVIDENCES OF THERMAL SWEATING IN THE FOOT PAD OF 
THE CAT* 
By Davin P. C. Lioyp 
THE ROCKEFELLER INSTITUTE 


Communicated February 20, 1963 


The sweat pads of the cat have been considered to be in sweating behavior 
analogous to the palms and soles of man. Responding readily to sensory and men- 
tal stimuli, the latter are sluggishly if at all responsive in thermoregulatory sweat- 
ing. Kuno! would deny them any thermoregulatory function, but states that 
sweating in the cat foot pad can be provoked by thermal agency, which led him to 
conclude that the sweating of the cat does not exactly correspond to the sweating 
of man. In the cat, Hasama? has caused sweating by application of heat to the 
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sweat centers. Magoun, Harrison, Brobeck, and Ranson’ mention the appearance 
of sweat on the foot pads of some cats at the peak of the panting response to local 
heating of the brain. Sperling and Koppanyi' induced sweating by placing the 
animal in a hot box or by heating the carotid arteries. 

The suggestion, therefore, is that the sweat glands of the cat foot pad do partake 
in the thermoregulatory response. Experiments to be discussed herein confirm the 
suggestion. The sweating response to increased body temperature is centrally 
controlled, there being evidence that nonnervous thermal sweating does not oc- 
cur How effective foot pad sweating could be in temperature regulation is prob- 
lematical, considering the small surface area involved. Nevertheless, the mecha- 
nism is present. Presumably, panting would be the major means for heat loss. 

Activity of sweat glands has been studied by observation of potential changes 
and impedance changes across the foot pad. To record these changes zine-zine 
sulfate electrodes have been placed one upon the surface of the central foot pad, the 
other subcutaneously at a short distance. These led to a direct-coupled amplifier 
and oscillograph for recording of potential changes, or to an impedance bridge with 
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Fic. 1.—Spontaneous electrical potential activity of innervated sweat glands of the cat’s foot pad. 


condensor-coupled amplifier and oscillograph employed as detector. The animals 
were anesthetized with a mixture of chloralose (40 mg/kg) and urethane (0.8 
gm/kg) administered by intraperitoneal injection. Body temperature was ma- 
nipulated with the aid of a heating pad and ice bags, and was measured rectally 
with a thermistor thermometer. 

Temperature and Spontaneous Potentials:—The sweat glands deprived of central 
control are electrically silent in the absence of stimulation; not so, the innervated 
glands. Spontaneous potential variations of the sort to be seen in Figure 1 were 
discovered by Hermann and Luchsinger’ and have been studied recently by Ladpli 
and Wang.’ In amplitude the spontaneous activity varies from preparation to 
preparation dependent apparently upon the level of anesthesia. That seen in Fig- 
ure 1 is of exceptionally high amplitude. 

Figure 2 illustrates the manner in which the spontaneous potentials of the foot 
pad are influenced by temperature change. It is noteworthy, as seen in the top 
three tracings, that no change in the level of spontaneous activity occurs in the range 





494 PHYSIOLOGY: D. PC. LLOYD Proc. N. ALS. 


between 37.5° and 39.5°C. There is then a relatively sudden increment in the level 
of spontaneous activity as seen in the fourth tracing taken at 40.5°C. 
That there is no change with temperature in the range from 37.5° to 39.5°C in- 
dicates that the level of spontaneous activity is not simply related to body tem- 
perature. There is rather a critical 
Fe a Ra N er temperature at which the idling 
central control mechanism is thrown 
(in a manner of speaking) into high 
iii aot 
Temperature and Impedance.—lig- 
ure 3 presents the result of an ex- 
periment in which impedance across 
the foot pad was measured as body 
temperature was progressively in- 
creased. There was a slight de- 
crease in impedance as temperature 
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Fia. 2.—Spontaneous electrical potential activity Was increased from 37° to 40°C. 
of the innervated sweat glands of the cat’s foot pads [his is the usual but not invariable 


at four different rectal temperatures given for each 
record at the right in °C. result. As temperature exceeded 


40°C there was a sudden drop in 

impedance to a very low value—so low, in fact, that one can conclude from other 
evidence® that the sweat was literally pouring from the foot pad. 

The denervated foot pad exhibits with rise in temperature the slight decrease in 


impedance just as does the innervated foot pad. This change is a linear function 
of temperature. There is, however, no 
break in the impedance curve to in- 
jo dicate the occurrence of sweating even 





80) neue . 
though the rectal temperature be in- 


creased to 43°C, at which temperature 
death may ensue. This provides 
another proof for the fact that non- 
nervous thermal sweating does not 
ocecur.® 
Temperature and Galvanic Skin Re- 
flexes—If galvanic skin reflexes are 
elicited during change of temperature, 
an interesting effect is noted. Figure 4 
illustrates this and provides further 
37 36 39 40 a,c 42  informationon potential changes during 
Fic. 3.—Impedance across the innervated cat’s Warming and cooling. In the experi- 
foot pad (ordinates) as a function of rectal tem- ment illustrated, galvanic skin reflexes 
perature (abscissae). ae 8 
were elicited every 30 sec by stimula- 
tion of the central segment of the severed peroneal nerve. Record A shows that 
no change is encountered until the rising temperature approaches 39.5°C. There 
is then the increase in spontaneous activity already noted. In addition, the foot 
pad surface begins to become relatively positive and, as seen in B, the galvanic 
skin reflex, initially negative, reverses in sign to become a positive deflection. 
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F1G. 4.—Samples from records to show the effect of temperature variation (rectal) on spontane- 
ous activity and on galvanic skin reflexes elicited rhythmically (2 per min). Negativity of the 
foot pad surface upward. The initially negative rhythmic deflections are the evoked galvanic skin 
reflexes. Figures under each recording represent the rectal temperature. 


Increase in spontaneous activity appears to take place within a fairly narrow 
range of temperature, for there is a secondary decrease as temperature approaches 
40.5°C (record B) and a resurgence as temperature is lowered from that level (record 


C). On further cooling the normal type of record is 

restored (record D). JO 
Figure 5 presents another similar experiment 

designed in the main to demonstrate that the reversal 

of galvanic skin reflex from negative sign to positive 

sign is centrally determined. Record A shows the 

normal reflexes elicited at 30 see intervals. In 

record B the spontaneous activity is evident and the 

slowly developing relative positivity of the foot pad 

is taking place. Then in record C the positively 

directed galvanic skin reflexes are seen. Record D “TAP aapienpey 

was made immediately after record C. It shows, at 0 

reduced amplification, a series of galvanic skin re- ||| | | | | | | | | | | | | 

| | 





sponses to motor nerve stimulation. Despite rever- aA AAA Aa 
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sal of the reflex responses, the responses to motot 
nerve stimulation retain their normal negative direc- Fic. 5.—Effect of temperature 
. A ee , R my . REINS, Cee variation on galvanic skin re- 
tion. There is then no happe ning in the pe riphe ral fexes as in he t-nemk forew 
neuroglandular segment of the reflex mechanism to ord D which contains recordings 
account for reflex reversal. It must, in the cireum- 0 the galvanic skin response to 
; motor nerve stimulation. 

stance, be centrally determined. 

Two points of interest emerge from the findings presented in Figures 4 and 5. 

I £ g g 

The first of these pertains to the reversal of the galvanic skin reflex. Being cen- 
trally determined, and since the arrival of impulses at the sweat glands causes a 
negative response, it seems as though the recording of positive responses must indicate 





496 ZOOLOGY: MANWELL ET AL. Proc. N. A.S. 


a deficit in centrally discharged impulses. This implies that an inhibitory reflex 
either is unmasked or is substituted for the excitatory reflex. Other evidence 
for the existence of inhibitory reflexes has been found in the manifestation of ter- 
minal rebound in reflexes engendered by stimulation of afferent C fibers.! 

The second point of interest is that the spontaneous activity which is increased 
by heating suffers a depression on further heating (Fig. 4 B). It is possible that 
this phenomenon is comparable to the depression of sweating of the palm and sole 


0, I 


of man that occurs at high temperatures.' 


* This investigation was supported by a Public Health Service research grant number B-2816 
from the National Institute of Nervous Diseases and Blindness, U.S. Public Health Service. 
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MOLECULAR GENETICS OF AVIAN PROTEINS, IIT.* CONTROL 
GENES AND STRUCTURAL GENES FOR EMBRYONIC AND ADULT 
HEMOGLOBINS 


By CLtypE MAnweE Lt, C. M. ANN Baker, J. D. Rostansky, aNnpD Martua Foout 


MOLECULAR BIOLOGY LABORATORY, DEPARTMENT OF PHYSIOLOGY AND BIOPHYSICS, AND DEPARTMENT 
OF ZOOLOGY, UNIVERSITY OF ILLINOIS, URBANA 


Communicated by Frederick L. Hisaw, February 13, 1963 


There is some contradiction in the literature concerning the properties and time 
of appearance of embryonic hemoglobin in the chicken. Hall! noted a progressive 
shift in the oxygen equilibrium curve of the hemoglobin as development proceeded ; 
the principal change was a gradual decrease in oxygen affinity but no significant 
change in the magnitude of the heme-heme interactions. Saha? observed an al- 
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most hyperbolic oxygen equilibrium curve for 15-day-old embryo hemoglobin but 
a sigmoid oxygen equilibrium curve at hatching (20-21 days) and at 15 days after 
hatching; there was no significant change in the oxygen affinity. Saha’ has also 
noted that 7-day chicken embryo ‘fetal hemoglobin” has a slightly more alkaline- 
resistant component than that present in the adult hemoglobin. Knight‘ identi- 
fied immunologically two kinds of hemoglobin in the chicken, one being present 
already at two days of development and persisting in the adult, the other being 
identifiable only after the fifteenth day of development and also persisting through- 
out the subsequent life of the chicken. D’Amelio and Salvo, expanding their 
earlier work, have shown both by starch and agar electrophoresis, as well as by 
immunological techniques, that there are two distinct embryonic hemoglobin com- 
ponents which comprise the only hemoglobin present at 68 hr of development: 
by 88 hr they found three additional hemoglobin fractions which are identical t« 
those present in hemoglobin from adult chickens; by 11 days they reported that 
embryos had only traces of the embryonic hemoglobins and that the adult-type 
hemoglobins were the dominant respiratory blood proteins. Fraser,® using both 
electrophoresis and carboxymethyl-cellulose chromatography, resolved all chicken 
hemoglobin samples into two components; the only developmental difference 
reported was that the relative amounts of the two components varied; 5-day 
and 7-day embryos had 84 per cent of the more acid hemoglobin component and 
16 per cent of the more basic hemoglobin component; the proportions changed 
gradually over the entire intra-egg period so that both newly hatched chicks and 
adult hens had 28 per cent of the acidic component—which Fraser® termed “‘em- 
bryonic hemoglobin”’—and 72 per cent of the basic component—designated “adult 
hemoglobin.” Wilt,’ using agar gel, starch gel, and immunoelectrophoresis, ob- 
served two kinds of hemoglobin in the adult chicken—and these were also pres- 
ent in 2- and 3-day-old embryos; a third immunologically distinct globin-like com- 
ponent persisted only for 48 hr of development; this transient component behaved 
electrophoretically in the same way as the major adult hemoglobin component, 
although it was immunologically different. 

A possible explanation for some of these different findings might be the “breed” 
or race of chicken used. This raises the interesting possibility that the presence 
or absence of embryonic hemoglobin and the time that its synthesis is “turned 
on” and “turned off” might be under separate genetic control—as suggested in 
regulation of adaptive enzymes in microorganisms,’ certain alleles in maize,° 
and developmental protein sequences.'"® Thus, the authors have investigated the 
properties of the embryonic and adult hemoglobin of four different breeds of chick- 
ens, one strain of turkey, and the red-winged blackbird. 


Materials and Methods.—Fertile chicken eggs were obtained from White Leghorns, New Hamp- 
shires, and Columbians kept on the University of Illinois poultry farm. Some eggs were incubated 
on the farm in forced air incubators; others were incubated in an oven in the laboratory. Hatch- 
ing time was the usual 21 days, and a high proportion (90-100%) of eggs set under these conditions 
contained viable embryos at the time of sacrifice or healthy chicks at the time of hatching. Some 
small variation in the size of embryos during the first few days of development was noted, as also 
observed by others;!! these variations are not significant with respect to the work presented here. 
Thirty fertile eggs from a flock of mixed “bantam” chickens were obtained from Dr. H. Shoemaker, 
Department of Zoology, University of Illinois; these chickens are derived from a panmictic popula- 
tion of various fancy bantam breeds and lay eggs in nests scattered about the vivarium grounds. 
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Fertile eggs of the California broad-breasted strain of turkey were purchased from Bonnett’s 


Turkey Farm, Havana, Illinois. 


often at the same time) as the bantam eggs and some of the other chicken eggs. 


These were incubated in the same oven in the laboratory (and 


Red-winged 


blackbird (Agelaius phoeniceus) eggs were removed from nests of local birds and used the same day 


as collected. 
fertile eggs are placed in the incubator. 


+ 


Fig. 1.—Starch gel electrophoresis of adult 
and early embryonic chicken hemoglobins. 
Phosphate gel, pH 7.2, 300 volts for 8 hr. 
From left to right: (1) adult chicken, (2) 4- 
day New Hampshire embryo, (3) 4-day 
Columbian embryo, (4) 4-day White Leghorn 
embryo, (5) adult chicken, (6) 4-day White 
Leghorn embryo, (7) 3-day White Leghorn 
embryo, (8) adult chicken. Note difference 
between embryonic and adult chicken hemo- 
globins, and absence of differences between 
breeds. 


+ 


Fic. 2.—Difference in the time of activation 
of adult hemoglobin genes in the chicken and 
the turkey. Starch gel electrophoresis in bo- 
rate buffer system, pH 8.2, at 250 volts for 12 
hr. From left to right: (1) adult turkey, (2) 
7-day turkey embryo, (3) 7-day White Leg- 
horn chicken embryo, (4) 7-day New Hamp- 
shire embryo, (5) 7-day Columbian embryo, 
(6) 5-day Columbian embryo, (7) adult 
chicken, (8) adult chicken. Note that, while 
the 5-day-old chicken embryo and the 7-day- 
old turkey embryo have no adult hemoglobin, 
the 7-day-old chicken embryos have approxi- 
mately half of their hemoglobin of adult elec- 
trophoretic properties. Although the major 
embryonic and adult hemoglobin components 
tend to overlap in this particular photograph, 
they can be completely resolved in longer elec- 
trophoretic runs, though with loss of sharp- 
ness of the minor hemoglobin bands. 


- a 


All embryonic “times of development” are expressed in days from the time the 
As fertile poultry eggs are usually stored at a cool tem- 


perature for a few days prior to being incubated, 
there is apt to be a few hours’ lag in actual 
embryonic age. Because of the use of wild popu- 
lations of the red-winged blackbird, precise aging 
was not possible; by sampling different nests at 
one time, however, a graded series of embryo 
sizes was obtained, ranging from those showing 
first signs of hemoglobin synthesis (approxi- 
mately 2 days old) to those ready to hateh (2-3 
weeks). 

Early embryos were dissected free from the 
volk under isotonic saline (0.9 © NaCl), 
washed free of yolk by dipping gently into clean 
saline solution, and then bled into a small quan- 
tity of citrated and heparinized saline by severing 
the major blood vessels. The small amount of 
yolk contamination was completely removed by 
a combination of repeated filtration through glass 
wool and differential centrifugation. Larger em- 
bryos were bled from the heart, after first remov- 
ing the extraembryonic membranes and washing 
the embryo with saline. Adult birds were bled 
by heart puncture. Because of the small quanti- 
ties of hemoglobin needed in much of the work, 
it was customary to use single specimens, except 
for the 3-, 4-, and 5-day stages when three to six 
embryos were pooled. Time of hemoglobin 
change was determined by sacrificing embryos 
each day for the 2-7 day stages and then sam- 
pling every two days until the time of hatching. 
Hemoglobin first appears in turkeys 12-24 hr later 
than it does in chickens; thus, the first sampling 
of turkey embryos was done at 3!/2 days. Electro- 
phoretic experiments with individual early em- 
bryos, as well as with adults, showed no individ- 
ual hemoglobin variation. For the “‘fingerprint- 
ing’? comparison six dozen 5-day-old embryos 
were pooled so that enough hemoglobin could be 
obtained for purification by ammonium sulfate 
fractionation (45-55°% saturation, based on 70.6 
gm of ammonium sulfate to 100 ml of hemoglobin 
solution at 0°C being 100° saturation). 

Erythrocytes were washed three or four times 
in large volumes of cold isotonic sodium chloride. 
Any trace of a “buffy coat’? (leucocyte layer) 
was discarded. Lysis was accomplished by addi- 


tion of a fixed volume of distilled water (for most purposes 5-10 ml of water to one ml of cen- 
trifugally packed erythrocytes). Toluene (Matheson, Coleman, and Bell, special purity grade) 
was stirred over the crude hemolysate to effect complete separation of hemoglobin from other 
cellular components. At this time, unless the samples were to be used for oxygen equilibrium, the 
hemoglobin was converted to the carbon monoxide derivative for increased stability. Cellular 
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debris was removed by centrifugation for one hour at 35—40 « 108g. Allof these preparation 
steps were done at 0°-4°C. Starch gel electrophoresis showed that over 95°) of the soluble 
protein in these unpurified hemolysates was hemoglobin; histochemical staining of starch gels 
indicated traces of esterases and lactic acid dehydrogenases, which are removed upon purification. 

Vertical starch gel electrophoresis,'? as modified slightly by the authors,'® '* was used in screen- 
ing all hemoglobin samples. Particularly good results were obtained with borate gels (pH 8) and 
phosphate gels (pH 7) run in a cold room at 0°C and at 250-300 volts for 8-15 hr. ‘‘Finger- 
printing’? was done by the method of Katz, Dreyer, and Anfinsen.'* Best results were obtained 
with tryptie digests of deionized, heat-denatured purified hemoglobin.” Oxygen equilibria were 
measured spectrophotometrically as described 
elsewhere.'© To ensure that any differences in 
electrophoretic behavior or in oxygen equilibria + 
were intrinsic to the hemoglobins themselves and 
not due to differences in ionic or molecular en- 
vironment, hemoglobin samples were purified by 
ammonium sulfate fractionation and—as recom- 
mended by Allen, Wyman, and Smith” in the 
comparison of Hb A and Hb F—were dialyzed 
against a common buffer (u = 0.3 or 0.6, potas- 
sium phosphate of specified pH, in the range 6.5 
to 7.4). 

Results.—Typical results of starch gel 
electrophoresis in phosphate and borate 
buffer systems are shown in Figures 1 
and 2. Early embryos have a distinctly 
different hemoglobin from that of late 
embryos or adults. No difference is seen 
between the various breeds of chickens. 

Up to the fifth day of incubation only the 
two embryonic hemoglobin components 
are visible; but, by the seventh day ap- 
proximately half of the hemoglobin is of 
the adult type. In further agreement Fic. 3.— ‘Simultaneous presence of adult 

‘ t f . and embryonic hemoglobins throughout de- 
with D’Amelio and Salvo® only traces of velopment of the red-winged blackbird. Two 
embryonic hemoglobins remain after 11 — on the left are from 2-day-old em- 

ero 3 ; ‘ : oryos shortly after the beginning of eryth- 
days. No difference in the time of  ropoiesis; two samples on the right are from 
“switchover” from embrvonic to adult embryos just prior to hatching. Hemoglobin 
i k ° components have been homologized with those 
hemoglobin synthesis was seen between in developing chickens and turkeys; ‘“‘A,”’ is 
White Leghorns, New Hamsphire Reds, the more acidic adult hemoglobin component, 
‘ E,”’ is the more acidic embryonic compo- 
and Columbians; however, bantams ap- nent; “A,” is the more basic adult component; 
peared to lag by 12-24 hr in the time of rte nA is the more basic embryonic 
appearance of the adult hemoglobin 
components, though their hemoglobins are electrophoretically and structurally (by 
“fingerprinting’’) identical with those of other chicken breeds. 

Turkeys (see also Fig. 2) have adult and embryonic hemoglobins that are elec- 
trophoretically very similar to the corresponding hemoglobins of the chicken. 
However, the time of “switchover” is later and adult hemoglobin does not appear 
until 8'/> days of incubation; by 11 days half of the hemoglobin is of the adult type. 

Red-winged blackbirds of all developmental stages show four hemoglobin bands, 
two of which seem to correspond in position to chicken and turkey embryonic hemo- 


globin and the other two of which correspond to adult hemoglobin (Fig. 3). Un- 
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Fic. 4.—‘‘Fingerprints’” of purified hemo- Lae 
globins from embryonic (5-day) and adult at Satie 
chickens. Ordinate is the chromatographic direction; abscissa is the high voltage electrophore- 
tic direction. Left: Chicken 5-day embryo. Right: Chicken adult. 


fortunately, no adults of this species were sampled; thus, whether the simultaneous 
presence of adult and embryonic hemoglobins continues past juvenile stages is 


unanswered. ; 

“Fingerprints” of purified adult and embryonic chicken hemoglobin are shown in 
Figure 4. Only about half of the peptides appear to be in common and the gen- 
eral difference in the adult and em- 
bryonic chicken hemoglobin pat- 
terns slightly exceeds that for Hb 
A and Hb F,,"8 known to differ from 
each other by 38-42 amino acids in 
one polypeptide chain (8 versus. 
chain), though having the @ chain 
in common.'® 

a oe a Oxygen equilibria of purified and 
SE ae ° dialyzed hemoglobin from 5-day 
chicken embryo and adult chicken 





+ 


-o. 


aDULT CHICKEN 


Fig. 5.—Oxygen equilibrium of purified em- ise tine = 
bryonic (5-day) and adult chicken hemoglobins. are shown in Figure 5. In agree- 
Samples at comparable pH’s have been dialyzed s ea a) sn 
against a common potassium phosphate buffer ones with Hall but not with 
(uw = 0.6). Arrows indicate the magnitude of the Saha®—there is almost no differ- 


rine _—— concentantions at 4'75; ence in the magnitude of the heme- 

heme interactions, although the 

oxygen affinity of the embryonic hemoglobin is much greater than that of the adult 

hemoglobin. In addition, the Bohr effect is considerably less for embryonic chicken 
hemoglobin. 

Discussion.—A distinct embryonic hemoglobin in poultry: On the basis of three 
independent and reliable methods of biochemical comparison, there is no question 
but that early embryonic chickens and turkeys have an embryonic hemoglobin that 
is distinct from that possessed by late embryos and adult birds. The electro- 
phoretic results are very similar to those of D’Amelio and Salvo. 

Multiple hemoglobins of adult birds: The only apparent difference between our 
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studies and those of D’Amelio and Salvo® concerns whether there are three rather 
than two hemoglobin components in the adult chicken. By chromatography or 
paper electrophoresis, several workers” have found one major (80%) and one minor 
(20%) hemoglobin in the chicken and other birds. However, Rodnan and Ebaugh?! 
reported that, in addition to the basic major hemoglobin component, some chickens 
had one and others had two minor acidic hemoglobin components. The authors 
have noted no consistent individual variation in this regard. The older hemoglo- 
bin samples, allowed to stand for several days in the cold room or frozen and thawed 
too much, often show a broadening of the acidic minor component hemoglobin zone, 
frequently showing subdivision into two or more diffuse bands. In addition, under 
conditions of higher voltage (500 volts) in starch gels it is possible to fractionate 
the basic major component into two zones, obtaining a pattern very similar to 
that of D’Amelio and Salvo.6 Three components are clearly obtained in continu- 
ous-flow curtain electrophoresis using a low ionic strength (u = 0.02), pH 7.5 potas- 
sium phosphate buffer. These have been isolated and “fingerprinted.”” The 
anodal and cathodal components have 17 peptides apparently in common, but the 
anodal has 7 and the cathodal 9 unique peptides. The middle and predominant 
hemoglobin fraction has all 33 peptides (17 + 7 + 9). The middle component 
is an aggregation of the ‘‘anodal” and ‘‘cathodal’’ components. Thus, there must 
be at least two different kinds of polypeptide chains present. The number of pep- 
tides is suggestive that there might be more than two different polypeptide chains 
in adult chicken hemoglobin; possibly, as suggested by Saha and Ghosh,?? “fast” 
and “slow” components have one polypeptide chain type in common and differ 
in the other. The variation between two or three components could be an expres- 
sion of aggregation such as has been shown for “fast” and “slow” turtle (Pseudemys 
scripta) hemoglobins by Ramirez and Dessauer.*° A further similarity between 
the situation in the turtle and in the chicken has been shown by “fingerprinting” 
the “fast” and “slow” turtle (Pseudemys scripta) hemoglobins; each shows 27-29 
peptides; “fast” turtle hemoglobin appears to have 10 unique peptides and 17 in 
common with “slow” turtle hemoglobin, the latter having 12 unique peptides. 
Besides the numbers, the general distribution and the pattern of peptides are quite 
similar between turtle and chicken hemoglobins, recalling suggestions that birds 
are feathered reptiles.24 Studies on separation of the peptide chains of the various 
multiple hemoglobins and on genetic comparisons of closely related birds and closely 
related turtles should decide the actual number of active structural genes (cistrons) 
functioning in the adult animal. 

Separate genetic control of the structural genes: Most significant is the presence 
in all red-winged blackbird embryos of hemoglobin components that are electro- 
phoretically homologous to a mixture of adult and embryonic chicken hemoglobins 
(Fig. 3). This indicates that both adult and embryonic structural genes are ac- 
tivated from the very beginning of development, a condition resembling in certain 
ways the “high Hb F” trait in humans where both fetal and adult hemoglobins are 
found in normal adults. Neel®* and Motulsky” have postulated that the “high Hb 
I” allele represents a mutation of the normal controlling gene that governs whether 
adult or fetal human hemoglobin will be produced by alternately activating and 
suppressing the beta chain and gamma chain cistrons. In addition, another type 
of control gene, comparable to a “tap gene,” has been postulated to control the 





502 ZOOLOGY: MANWELL ET AL. Proc. N. ALS. 


amount of a given polypeptide chain that is produced; mutations of these “tap 
genes”’ are responsible for ‘“‘a@ chain’ and “8 chain”’ thalassemias. While screening 
natural bird populations for genetic polymorphisms of hemoglobins and serum 
proteins, one individual pheasant, Phastanus colchicus, was found that almost but 
not entirely lacked the basic hemoglobin component which is usually the major 
hemoglobin fraction of adult birds (see Fig. 6). This bird was unable to produce 
the normal amount of the polypeptide 

+ chain that is unique to the “ 

globin component. Whether this is a 


”” 
slow”? hemo- 


cenetic condition or the result of some un- 
usual environmental trauma is unknown, 
but the condition dees resemble a severe 
thalassemia, though unaccompanied by 
any embryonic hemoglobin compensation 

as occasionally occurs in the human.” 
Recent studies by one of us®® indicate 
that the tissue specific hemerythrins of 
sipunculid worms are the products of sepa- 
rate genes; this is based not only on 
i Mi: “fingerprinting” studies, but also on 
Fic. 6.—A “‘thalassemic” pheasant. Starch analyses of genetic population polymor- 
gel electrophoresis of hemolysates of 16 indi- EE gE eee in eal 
vidual pheasants, Phasianus colchicus, col- P)ISMS. lus, a separate control gene 
lected in Livingstone County, Illinois. Note activates one hemervthrin cistron § in 
the sixth from the left, almost lacking the within: Qusiinil ay his all sail 
major hemoglobin component. Because of @'ythrocytes located in the coelom and a 
the age and concentration of the samples the — second hemerythrin cistron in erythrocytes 
minor hemoglobin component has spread out aatateil tea al eee ics alatlie , I ia li 
into an indefinite number of bands. ocated in the vascular system. In addi- 
tion, the existence of three different kinds 


of heterozygotes, varying in the amounts of ‘fast’? and “slow” coelomic heme- 


ac ’ 


rythrins argues for the presence of separate ‘“‘tap genes’’ regulating the amount of 
messenger released from the structural cistrons to which they are linked. 

Therefore, it appears that separate control genes are a widespread phenomenon 
in animal—as well as in microbial’ and in plant®*—genetic systems. A hierarchy 
of control genes may be the fundamental explanation for differentiation in multi- 
cellular animals. '° 

Summary.—Karly chicken embryos have a hemoglobin that is electrophoretically, 
structurally, and functionally different from that of late embryos and adults. 
Synthesis of embryonic hemoglobin is ‘‘turned off” after five days of incubation in 
White Leghorn, New Hampshire, and Columbian chickens; in bantam chickens 
the embryonic hemoglobin synthesis continues 12-24 hr later than in the other 
chicken breeds; in the turkey, adult hemoglobin begins to appear only after eight 
days of incubation. In the red-winged blackbird, adult and embryonic hemoglobins 
are synthesized together from the very beginning of erythropoiesis. Therefore, 
it is postulated that some kind of “control genes’’ exist which determine when—or 
whether—adult and embryonic hemoglobins are produced. In addition, there may 
also be control genes that regulate the total amount of a particular polypeptide 
chain that is produced; one individual pheasant was found with a condition re- 
sembling thalassemia in the human, which has been suggested to be due to a “tap 
gene” mutation. 
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Regulation of enzyme synthesis in microorganisms in many instances is controlled 
by the intracellular concentration of small molecular compounds.' Regulation 
may be positive in the sense that an inducer is required for synthesis, or negative in 
that synthesis occurs because of release from repression. lor example, tyrosinase 
of Neurospora is regulated by both inductive and repressive mechanisms: an in- 
crease in the sulfur content of the medium represses tyrosinase synthesis and the 
enzyme is induced by aromatic amino acids.? A few examples of inductive and re- 
pressive effects have been described in cells of higher organisms in tissue culture .*~7 
Alkaline phosphatase in certain strains of mammalian cells is induced by adrenal 
glucocorticoid hormones or by a substrate of the enzyme, such as phenyl phos- 
phate.*~-'? In general, skin fibroblasts are induced by substrates but not by hor- 
mone, whereas epithelial cell lines are induced by hormone but not by substrates. 
However, several lines of both epithelial and fibroblastic type are induced to form 
alkaline phosphatase by both hormone and substrate.®: 12 

In microorganisms alkaline phosphatase synthesis is repressed by inorganic phos- 
phate in the medium.'* The enzyme in mammalian cells is independent of the con- 
centration of inorganic phosphate." However, alkaline phosphatase in certain 
inducible and constitutive mammalian cell strains is decreased on incubation in 
fresh growth medium, suggesting that a repressor may be present.®:  ' Other 
evidence for a repressor in fresh medium may be inferred from the following observa- 
tions: (1) Medium in which cells have grown for at least 20 days is able to induce 
high alkaline phosphatase activity within a few days in skin fibroblasts.° The aged, 
inducing medium, is referred to as “conditioned” medium. (2) Substrate induction 
of most skin fibroblastic strains by phenyl phosphate requires 7 to 10 days. How- 
ever, when skin fibroblasts of an inducible strain are inoculated into medium con- 
taining phenyl phosphate in which other cells have been previously induced, a more 
prompt induction of alkaline phosphatase occurs within 3 to 5 days. (3) Dilution 
of “conditioned” medium with a small amount of fresh medium destroys its induc- 
ing activity.’ These findings suggest that ‘‘conditioning”’ of medium both with and 
without phenyl phosphate involves removal of a repressor present in fresh medium. 
The following experiments indicate that L cyst(e)ine is the repressor or is converted 
to one. 

Methods and Materials.—Cell lines: The methods used have been described previously.’ 
The skin cell strains are uncloned, diploid, human fibroblast-like cells established in culture fol- 
lowing trypsinization of foreskin. The cultures were grown on glass surfaces in Waymouth’s 
medium containing either 10°% calf serum or 10°% human serum. 

Two HeLa lines were studied. ‘“Ch’’ is a constitutive, prednisolone noninducible strain ob- 
tained from Mr. Lawrence Chessin and grown in Waymouth’s medium with 10% calf serum. 
HeLa §;, furnished by Dr. Harold Nitowsky, has low alkaline phosphatase activity which is in- 
ducible by prednisolone. It was grown in Waymouth’s medium containing 10° human serum. 
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Cultural methods: (a) Maintenance conditions: The cells from several bottles were pooled and 
aliquots from this pool were inoculated into the number of bottles required for a particular ex- 
periment. To minimize variations in alkaline phosphatase activity between replicate bottles, 
the inoculum in most experiments was between 800,000 and 1,500,000 cells. Inocula of this size 
gave a confluent monolayer in 2 or 3 days. The medium was then decanted, and the monolayer 
was washed twice with Puck’s saline.“ ‘Maintenance medium’’ consisting of 10 ml of Puck’s 
saline containing 10°, calf serum was added to each bottle. In this maintenance medium there 
is no measurable net protein synthesis, although protein turnover is active as shown by the in- 
corporation of radioactive leucine. To the bottles various vitamins, amino acids, and nutrient 
mixtures were then added to yield the final concentration of Eagle’s minimum essential medium." 
Cystine and cysteine were used also in the concentration found in Waymouth’s medium. In all 
experiments equal numbers of replicate bottles incubated in maintenance medium without the 
addition of amino acids or vitamins served as controls. Alkaline and acid phosphatase and total 
cell protein of duplicate and triplicate bottles varied less than 20% when the cell monolayers had 
been grown for less than 5 days prior to the repression experiments described below. The alkaline 
and acid phosphatase activity of the cell strains varied somewhat between different experiments. 
Therefore, the results are expressed as a percentage of the specific alkaline and acid phosphatase 
activity of replicate control bottles incubated for the same interval in maintenance medium. 
(b) Growth experiments: In addition to maintenance conditions, experiments were carried out 
with growing 6- to 7-day-old replicate cultures of fibroblasts in Waymouth’s medium. Three days 
before the cells were harvested the amino acid or amino acid mixture under study was added to 
the medium. Controls were unsupplemented replicate cultures grown for the same interval. 
Specific alkaline phosphatase activity of cultures grown in medium with added amino acids was 
compared to the specific alkaline phosphatase activity of the replicate controls. Pooled “‘condi- 
tioned’? Waymouth’s medium was prepared as previously described.° 

Assay methods: The methods used in the preparation of deoxycholate lysates of cell cultures 
and the assay of alkaline and acid phosphatase activity have been described.” Protein deter- 
minations were carried out by the method of Lowry e¢ al.” on an aliquot of the deoxycholate 
lysate. 

Inhibition of alkaline phosphatase activity by L cysteine: Alkaline phosphatase from human 
kidney cortex was partially purified by a modification of Morton’s method." It showed 30-fold 
increase in specific activity. The partially purified kidney enzyme and crude alkaline phosphatase 
from deoxycholate lysed tissue culture cells were reacted at pH 8.1 and pH 8.8 with 2-fold dilu- 
tions of L cysteine in 0.1 M barbital buffer. The results were similar with deoxycholate lysates 
of cells and a partially purified kidney preparation. Following incubation of the enzyme and 
cysteine at room temperature for 5 min, substrate was added at various pH values and the final 
pH of the enzyme-cysteine-substrate mixture was measured. The activity of enzyme and cysteine 
mixtures was compared to the activity of the enzyme incubated in barbital buffer under the same 
conditions. 


Results.—Repression of skin cell alkaline phosphatase under maintenance conditions: 
Table 1 shows that cultures incubated in maintenance medium for 40 to 48 hr double 
their alkaline phosphatase activity when compared to the enzyme activity of rep- 
licate cultures harvested at the beginning of the experiment. Replicate cultures 
which are continued in Waymouth’s medium for 40 to 48 hr have at most 10 to 
20 per cent increase in enzyme activity. The increase in alkaline phosphatase 
developed under maintenance conditions without measurable net protein synthesis, 
whereas the specific activity of acid phosphatase was unchanged. Additions of the 
components of Eagle’s minimal essential medium to cultures in maintenance 
medium enhanced the alkaline phosphatase activity except in those cultures in- 
cubated with the 12 essential amino acids. Repression of alkaline phosphatase 
activity is observed in the presence of essential amino acids but not when a mixture 
of nonessential amino acids is added. Repression by essential amino acids is prob- 
ably greater than our results indicate because protein turnover is stimulated by the 
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TABLE 1 


REPRESSION OF ALKALINE PHOSPHATASE OF HUMAN SKIN FIBROBLASTS UNDER MAINTENANCE 
Conpitions BY L CystinE AND L CysTEINE 
Number of Alkaline Acid 
Additions to maintenance medium experiments phosphatase* phosphatase* 


Replicate cultures before adding maintenance medium 9 43 98 


Replicate cultures incubated in maintenance medium 
alone for 40 to 48 hr 100 100 
Eagle’s vitamin mixture 140 114 
Glutamine 2.0 mM 124 96 
Mixture of 20 amino acids in concentration of Eagle’s 
medium 30 118 
Mixture of Eagle’s 12 essential amino acids ¢ 25 119 
Mixture of Eagle’s 8 nonessential amino acids 170 106 
Lysine, valine, threonine d 195 124 
Leucine, isoleucine, arginine 160 135 
Phenylalanine, tyrosine, methionine 200 14 
Cystine, histidine, tryptophan . 35 34 
Mixture of 9 eanaaiel amino acids (lacking cystine, 
histidine, tryptophan) 
Mixture of 11 essential amino acids (lacking cystine) 
L cystine 0.4 mM 
L cystine 0.2 mM 
L cystine 0.1 mM 
L cysteine 0.8 mM 
L cysteine 0.4 mM 
L cysteine 0.2 mM 


Phobos be 
Nonwmwaoacascs|! 


~ 


* Expressed as per cent of specific alkaline or acid phosphatase activity of replicate cultures incubated in main- 
tenance medium alone. 
amino mixture. When the 12 essential amino acids are added to maintenance me- 
dium in groups of three, only the mixture containing L cystine represses alkaline 
phosphatase. Cultures incubated in maintenance medium containing 11 essential 
amino acids but lacking cystine show no reduction in alkaline phosphatase activity. 
The repressing effect of the mixture of 12 essential amino acids, therefore, appears 
to be due to L cystine or L cysteine. L cystine in the concentration present in 
Eagle’s medium (0.1 mM) has little repressing activity when used alone. However, 
as shown in Table 1, the presence of other essential amino acids greatly enhances 
repression of alkaline phosphatase when 0.1 mM L eystine is present. L cysteine 
0.8 mM, the concentration in Waymouth’s medium, and 0.4 mM cysteine repress 
alkaline phosphatase activity about 5-fold. L cystine and L cysteine in equivalent 
concentration with respect to the cysteine moiety are equally effective. 

The acid phosphatase activity of cultures incubated in maintenance medium with 
addition of components of Eagle’s minimal essential medium is slightly increased. 
This increase probably reflects the enhanced protein turnover. In contrast to alka- 
line phosphatase activity, acid phosphatase is not affected by adding L cystine 
or L cysteine to maintenance medium. 

Repression of skin cell alkaline phosphatase in Waymouth’s medium: Alkaline 
phosphatase is also repressed by L cyst(e)ine in growing cell cultures as shown in 
Table 2. Cystine 0.1 mM, the concentration in Kagle’s medium, and cysteine 0.8 
mM, the concentration present in Waymouth’s medium, are effective repressors 
of alkaline phosphatase in growing cultures. Glutathione and Eagle’s essential 
amino acid mixture also repress alkaline phosphatase presumably because of their 
cyst(e)ine content. Acid phosphatase activity was unchanged by growth in me- 
dium with L cyst(e)ine. 

Although not as extensively studied, epithelial cell lines have a different response. 
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TABLE 2 
R&YePRESSION OF ALKALINE PHOSPHATASE OF GROWING CULTURES OF HUMAN SKIN FIBROBLASTS 
iN Waymoutnu’s Mepium By L Cystine anp L CysTeIng 
Replicate cultures grown in Waymouth's medium. 


Three days before harvesting the cells the medium Number of Alkaline Acid 
was supplemented with: experiments phosphatase* phosphatase* 


No additions—control 100 100 
Essential amino acids 2 20 100 
Cysteine 0.8 mM : 25 95 
Cystine 0.4 mM f 16 9S 
Cystine 0.1 mM : 26 103 
Glutathione 0.8 mM : 35 99 
* Expressed as per cent of specific alkaline or acid phosphatase activity of replicate cultures grown in Waymouth's 
medium with 10% calf serum. 


TABLE 3 
REVERSAL OF Errect oF ‘CONDITIONED’? MEpIUM ON ALKALINE PHOSPHATASE PRODUCTION OF 
HUMAN SKIN FrBpRoBLASTs BY ADDITION OF L CysTEINE 
Alkaline Acid 
Replicate cultures grown for 48 hr in phosphatase* phosphatase* 


Fresh Waymouth’s medium 0.014 0.52 
“Conditioned”? medium 0.095 0.46 
“Conditioned”? medium with 0.8 mM cysteine added 0.013 0.48 
“Conditioned’’ medium plus 11 essential amino acids 

(cyst(e)ine omitted ) 0.095 0.44 

* Specific activity expressed as mg of phenolphthalein released in 4 hr at 37°C by a deoxycholate lysate con- 
taining 0.1 mg of protein. 


TABLE 4 
CysTEINE REPRESSION OF ALKALINE PHOSPHATASE OF HUMAN SKIN FIBROBLAST INCUBATED IN 
MAINTENANCE MEDIUM 


Replicate cultures Alkaline 
incubated in maintenance phosphatase Per cent control Acid phosphatase Per cent control 
medium specific activity* specific activity specific activity* specific activity 
Control—2 hr 0.197 t 
Cysteine 0.8 mM 0.154 80 5 96 
Control—6 hr 0.175 
Cysteine 0.8 mM 0.200 ‘ j 98 
Control—24 hr 0.410 
Cysteine 0.8 mM 0.220 
Control—A4s hr 0.510 : 
Cysteine 0.8 mM 0.110 y 5s 9] 


* See footnote to Table 3. 


An alkaline phosphatase constitutive, prednisolone noninducible HeLa strain 
“Ch,” showed 40 to 60 per cent reduction in alkaline phosphatase activity when 
grown in Waymouth’s medium supplemented with cysteine as described above. 
A “prednisolone” inducible HeLa strain §8;, on the other hand, has little alkaline 
phosphatase activity and this is not decreased by growth in Waymouth’s medium 
with added cysteine. Prednisolone induction of alkaline phosphatase in this strain 
is as effective in the presence of added cysteine as in medium without added cysteine. 

Effect of adding cysteine to “conditioned”? Waymouth’s medium: Table 3 shows 
that skin fibroblast cultures grown in ‘conditioned’? Waymouth’s medium for 2 
days develop high alkaline phosphatase activity when compared to replicate con- 
trols grown in fresh Waymouth’s medium. When L cysteine was added to ‘“con- 
ditioned”’ medium, its capacity to permit synthesis of alkaline phosphatase was 
abolished. Addition of the 11 other essential amino acids had no effect upon ‘‘con- 
ditioned” medium. 

Acid phosphatase activity was unaffected under any of the conditions listed in 
Table 3. 

Kinetics of repression of skin cell alkaline phosphatase: Table 4 shows the kinetics 
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of repression by L cysteine of alkaline phosphatase of human fibroblasts incu- 
bated in maintenance medium. Little or no decrease in alkaline phosphatase 
activity is present at 2 hr or at 6 hr. At 24 hr alkaline phosphatase activity is 
reduced to approximately 50 to 70 per cent of the control value. The difference 
in alkaline phosphatase activity at 24 hr is due to a rise in alkaline phosphatase ac- 
tivity of the control cultures incubated in maintenance medium, whereas enzyme 
activity of the cultures incubated with added cysteine is unchanged. At 48 hr there 
is a marked decrease in alkaline phosphatase activity of the cultures incubated in 
the presence of cysteine. Control cultures incubated for 48 hr without cysteine 
show either a modest rise in alkaline phosphatase activity or no significant difference 
from the 24-hr enzyme activity. Acid phosphatase activity is unchanged. 
Inhibition of alkaline phosphatase activity by cysteine: Sulfhydryl compounds are 
known to inhibit alkaline phosphatase activity of the crude and partially purified 
enzyme.'® ® However, pH values above 8.7 are required for marked inhibition 
unless high concentrations of cysteine (4.0 mM) are used. Table 5 demonstrates 
that the pH at which partially purified kidney enzyme and cysteine interact deter- 
mines the degree of inhibition. As shown in Table 5, at pH 8.1 high concentrations 


TABLE 


INHIBITION OF PARTIALLY PurRIFIED KipNeyY ALKALINE PHOSPHATASE BY CYSTEINE AND THE 
E-rrect OF PH ON INHIBITION 
——Per cent of Enzyme Activity Remaining 
Cysteine-enzyme inter . tion at pH 8.10  Cysteine-enzyme interaction at pH 8. 85 ) 
Cysteine Final pH with Final pH with Final pH with Final pH with 
Concentration substrate 8.7 substrate 9.6 substrate 8.5 substrate 9.6 


4.0 mM 54 55 15 14 
2.0 mM 87 SO 20 16 
1.0 mM 90 100 45 44 


of cysteine are necessary for inhibition while at pH 8.8 small amounts of cysteine 
are effective. Once the reaction between the enzyme and cysteine has occurred, 
it cannot be altered by subsequent changes in pH. These results suggest two dif- 
ferent types of binding which are not interconvertible between cysteine and alka- 
line phosphatase dependent on the pH at the time the enzyme and cysteine interact. 
One interpretation is that at pH 8.1 the sulfhydryl group is undissociated and the 
binding between cysteine and the enzyme leads to only a slight reduction of alkaline 
phosphatase activity. At pH values above 8.8 the dissociated sulfhydryl combines 
with the enzyme to produce a marked inhibition of activity. The inhibition of 
alkaline phosphatase activity by cysteine both at pH 8.1 and pH 8.8 is partially 
reversible since 15 to 30 per cent of the inhibited enzyme activity can be restored by 
dialysis against Tris buffer at pH 7.8. In contrast to the partial reversibility of 
alkaline phosphatase activity inhibited by cysteine, the enzyme prepared from skin 
fibroblasts which had been repressed by cysteine showed no increase in activity 
following dialysis. 

Discussion.—That cysteine-mediated repression of alkaline phosphatase is an 
interference with enzyme synthesis or activation and not sulfhydryl inhibition of 
the enzyme is suggested by the following evidence: (1) Kinetic studies show no 
difference at 6 hr in the alkaline phosphatase activity of cultures incubated in 
maintenance medium with or without L cysteine, even though cyst(e)ine enters 
the amino acid pool within 30 min and is concentrated to approximately twice the 
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medium concentration.2!~** At 24 hr the enzyme activity of cultures incubated 
with cysteine is the same as in the 6-hr cultures. In contrast, replicate cultures in 
maintenance medium alone at 24 hr have a moderate increase in alkaline phospha- 
tase. The enzyme is markedly repressed in cultures after 48 hr of incubation in 
medium with cysteine, whereas replicate cultures in maintenance medium alone 
show a modest continuing rise in enzyme activity. These kinetic data are more 
compatible with repression of alkaline phosphatase synthesis than inhibition of 
enzyme activity. (2) Inhibition of solutions or suspensions of alkaline phosphatase 
by cysteine requires either a high concentration of cysteine or pH above 8.8. In- 
tracellular concentrations of eyst(e)ine that have been reported?!~** would appear 
to be too low to inhibit enzyme activity significantly. On the other hand it is pos- 
sible that slow inactivation of the enzyme at pH values below 8.8 in the presence 
of low concentrations of cysteine might be responsible for the long time period re- 
quired before marked depression of enzyme activity oceurs. (3) Inhibition of alka- 
line phosphatase activity by cysteine at pH 8.1 and at pH 8.8 is partially reversible 
by dialysis. However, dialysis does not increase the alkaline phosphatase activity 
of deoxycholate lysates prepared from cysteine-repressed fibroblast cultures. (4) 
Formation of HeLa 8; alkaline phosphatase is not repressed in growing cultures by 
medium supplemented with cysteine even though the HeLa 8; enzyme activity is 


markedly inhibited. 

The mechanism responsible for cyst(e)ine-mediated repression of alkaline phos- 
phatase is not known. It should be noted that in certain £. coli strains cyst(e)ine 
represses several enzymes necessary for uracil biosynthesis.2* Low concentrations 


of uracil (1-2 yg) reverse the cysteine inhibition in bacteria.** Preliminary ex- 
periments indicate that the addition of 500 ug/ml uracil to our maintenance medium 
does not prevent alkaline phosphatase repression by cyst(e)ine. 

A number of repressors of enzyme synthesis in bacteria also inhibit the activity 
of the enzyme. In FE. coli the first enzyme unique to pyrimidine biosynthesis, 
aspartate transcarbamlyase, is repressed and inhibited by a cytosine derivative.* 
Similarly, arginine is both an inhibitor of the initial enzyme and a repressor of several 
enzymes involved in F. coli biosynthesis of arginine.** End-product inhibition of 
both enzyme activity and enzyme synthesis in bacteria appears to regulate and 
adapt cellular metabolism to the environment. It should be noted in this regard 
that whereas end-product inhibition is almost completely reversible upon dialysis, 
inhibition of mammalian alkaline phosphatase by cysteine shows partial reversibil- 
ity under the conditions of our experiments. 

In contrast to bacteria where a clear-cut relationship exists between enzyme and 
end-product repression, the relation of mammalian cell alkaline phosphatase to 
cyst(e)ine repression is obscure. Alkaline phosphatase content of cultured cells 
changes during growth and multiplication with the highest activity occurring during 
mitosis. The enzyme is concentrated on chromosomes, mitotic spindle fibers, and 
in the cytoplasm except for the equatorial plane.'° Sulfhydryl compounds are 
important in mitosis, especially in the formation of spindle fibers and the mitotic 
apparatus.” It is possible that the effects of cyst(e)ine on alkaline phosphatase 
are important in controlling certain aspects of mitosis. 

The restricted distribution of constitutive alkaline phosphatase among different 
adult tissues and the development of the enzyme under special conditions, such as 
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during wound healing and in some tumors, may be related to the release of a cyst- 


(e)ine-mediated repression. 

Summary.—Alkaline phosphatase of certain established human cell cultures is 
repressed by cyst(e)ine, a constituent of the usual growth media. Forty hours are 
required for substantial cyst(e)ine-mediated repression of alkaline phosphatase. 
The observations described suggest that repression is caused by interference with 
enzyme synthesis or activation rather than sulfhydryl inhibition of alkaline phos- 


phatase activity. 
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CELL-FREE PROTEIN SYNTHESIS: THE ASSOCIATION OF VIRAL 
RNA AND E. COLI RIBOSOMES* 


By R. Haseikorn, V. A. Friep, ano J. E. DAHLBERG 
COMMITTEE ON BIOPHYSICS, UNIVERSITY OF CHICAGO 
Communicated by Raymond E. Zirkle, February 25, 1963 


The hypothesis that information specifying amino acid sequences in proteins is 
‘arried from the gene to ribosomes by messenger RNA! is now supported by an 
overwhelming body of experimental facts. Following the pioneer work on phage- 
infected bacteria,? the most convincing proof of the messenger hypothesis came from 
experiments utilizing synthetic polynucleotides to direct the synthesis of poly- 
peptides in a cell-free system from EF. coli.* Some time ago we observed that RNA 
from several plant viruses stimulated the incorporation of amino acids into protein 
in the EF. coli system;* that specifie protein can be made in this manner has been 
shown using RNA from the bacteriophage f2.° 

Several plant viral RNA’s have been characterized extensively, and our famili- 
arity with one of them, TYMV-RNA, prompted us to use it to define the complex 
‘arrying out protein synthesis in the F. coli system. In this direction, three basic 
types of experiment have been carried out, all utilizing zone centrifugation through 
sucrose gradients.® In the first, viral RNA and F£. coli ribosomes are mixed, frac- 
tionated on the gradient, and the RNA is located. Secondly, the RNA-ribosome 
mixture is fractionated, and the individual fractions are assayed for their ability to 
incorporate amino acids.’ Finally, the RNA-ribosome mixture is allowed to in- 
corporate amino acids, then fractionated, and the RNA and newly made protein are 
located. All three experiments give essentially the same result, namely, that in the 
cell-free system approximately 10 per cent of the ribosomes participate in protein 
synthesis, and the active complex consists of one 70s ribosome and one molecule of 
viral RNA. In this paper we present the results of experiments of the first kind. 

Materials and Methods.—E. coli ribosomes were prepared as described previously. TYMV 
was labeled with P*? by growing Chinese cabbage plants in Hoagland’s solution No. 1 for several 
weeks,® then inoculating with virus, and transferring the plants to the same solution lacking 
phosphate, other than 0.1-1.0 mC *PO,~~ per liter. Six to ten days later the young leaves show- 
ing chlorosis typical of TYMYV infection were harvested, minced, and the sap filtered through 
muslin. There followed a centrifugation at low speed to remove large debris, and a 90-min cen- 
trifugation at 40,000 rpm in the No. 40 rotor of the Model L Spinco to pellet the virus. The pellet 
was dissolved in a small volume of 0.01 M EDTA, and in each cup of the SW 39 rotor, 2.0 ml of 
this solution were layered on top of 3.0 ml of CsCl solution having a density of 1.30. After 3 hr 
at 35,000 rpm the virus (p = 1.49) was completely sedimented, while leaf protein, lipid, and poly- 
saccharide contaminants floated, and could be decanted. The virus pellets were taken up in 
0.05 M Tris buffer, pH 7.5, and freed of excess CsCl by another high-speed centrifugation. Finally, 
these pellets were taken up in 0.05 M Tris and shaken with water-saturated phenol as previously 
described.? This procedure routinely afforded RNA containing 10° epm per mg. 

Linear gradients of sucrose (5-20%) were formed, using a device like that described by Britten 
and Roberts.® After centrifugation the tubes were placed in a jig whose bottom consisted of a 
rubber stopper in which a syringe needle was embedded. The plastic tube could be forced down 
onto the needle, the stopper then forming a tight seal to the bottom of the tube. Drops emerging 
from the needle were collected in Shevsky-Stafford tubes, the volume and absorbancy of each 
fraction were measured, and then the entire fraction was transferred to ringed planchets, dried 
and counted in a thin end-window gas flow counter. 
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Figure 1 shows the result of centrifuging P*-labeled TYMV for two different times. 


Resolution of the 5—-20°; 
Centrifugation of P*?-labeled 
TYMV (S = 115) at 35,000 rpm, 25°C for the 


Volume ,mi 


Fie. 2.—Attachment of TYMV-RNA to 
ribosomes. Centrifugation at 24,000 rpm for 
2 hr at 25°C. 1.0 mg of ribosomes and 4 yg 
P8*-labeled RNA were applied to a gradient 
containing 0.01 M Tris, 0.01 1 Mgt*. Solid 
line indicates absorbancy, dashed line radio- 
activity. 


linear 


In each 


case the half-width of the zone of virus is approximately one tenth the total column height; 
presumably most of the broadening of the zone occurs during the layering of material onto the 
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Fic. 3.—Effect of KCl on the 


RNA-ribosome complex. Cen- 
trifugation at 35,000 rpm for 45 
min at 25°C. 400 ug ribosomes 
and 20 ug P**-labeled RNA in 0.1 
ml were applied to each gradient. 
Gradient in (a) contained 0.01 M 
Tris, 0.01 M Mg**; in (b) con- 
tained 0.05 M Tris, 0.07 M KCl, 
0.01 M Mgt*. Solid line indi- 
cates absorbancy, dashed line 
radio-activity. 


column and loading the rotor into the centrifuge. In the 
figures presented below, zones occupying more than one 
tenth the column height indicate heterogeneity with re- 
spect to sedimentation coefficient. 

Amino acid incorporation was measured in the com- 
plete system as described previously,‘ except that H*- 
leucine and H*-aspartic acid were used in place of the 
C'*-labeled mixture of amino acids. After incubation 
for 30 min at 36°C, the reaction was terminated by the 
addition of one-tenth volume of 50% TCA. The precipi- 
tates were collected by centrifugation and washed twice 
by solution in 0.1 N NaOH containing cold leucine and 
aspartic acid and reprecipitated with 5% TCA. The final 
pellet was dissolved in 1.0 ml of hyamine 10-x, taken up 
in 14 ml of toluene-PPO-POPOP scintillator fluid, and 
counted in a Packard liquid scintillation counter. 


Results—Viral RNA attaches to FE. colt ribo- 
somes in the ionic environment in which pro- 
tein synthesis is observed; no factors other than 
Mg++ appear to be necessary for attachment. 
This is shown in Figure 2, in which a 0.2 ml 
zone containing ribosomes and P*-label. J 
TYMV-RNA in 0.01 M Mg*t+, 0.01 Tris, pH 
7.5 was analyzed on a gradient containing the 
same ionic composition. In this medium the 
ribosomes exist as a mixture of 70s and 100s 


particles; the P**-labeled RNA is seen to move faster than 100s, and in fact oc- 
cupies a region corresponding to 120—-150s. 
The distribution of ribosomes among sedimentation coefficient classes is affected 


by a number of factors in addition to Mgt* concentration. 


One of these is the 
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monovalent salt concentration; since we found initially that optimum amino acid 
incorporation was observed when 0.07 7 IKKCI was present in addition to Mg**, it 
was of interest to note the effect of KCl] on viral RNA attachment.‘ In Figure 3b, 
the charge for the gradient was identical to that for 3a; the experiment differs only 
in the addition of 0.07 47 KCl to the gradient itself. First, it can be seen that the 
sedimentation coefficient of the RNA-ribosome complex is decreased to 80-100s; 
secondly, the RNA:ribosome ratio of individual fractions is approximately twice 
that in the gradient lacking KCl. The caleulation of the RNA:ribosome ratio for 


TABLE 1 
CALCULATION OF RNA: Riposome Ratio 
uz RNA 

\ 260 ug i ue Molar 

Fraction we RNA Azo RNA Total Ltibosomes Ribosomes Ribosomes Ratio 
1 0.: 007 .042 0.035 2.0 0.15 0.20 

3 009 027 0.018 0 0. 0.51 
O16 052 0.036 , 0.3: 0.45 
0382 OOS 066 ‘ 0.3) 0.49 
053 238 .185 10.; 0.2 0.28 
O74 571 497 27.6 0.12 0.15 
O74 285 .211 67.: 0.0: 0.06 
062 2.500 2.440 136 . 0.03 
039 590 .550 86. : 0.03 
032 0.453 421 23. ) 0.08 
024 0.152 128 if 0.19 
023 0.163 .140 7.8 mt 0.17 


mI NWO he Dw 


ion = % 2.9 64S ~-_ 
aed KtwiAOownwe SCS 


l 
l 
| 


~ = 


Data from Figure 3b. Each fraction was 0.4 ml. The extinction coefficient for TYMV-RNA was taken 
as 23, and for E. coli ribosomes as 18 for 1 ma/ml at 260 mu. See text for details of calculation. 


each fraction in Figure 3b is shown in Table 1. This was done by first determining 
the amount of RNA from the known specific activity of the RNA and the total 
counts for each fraction, converting to absorbancy units, subtracting the RNA ab- 
sorbancy from the total, and dividing the remainder by the extinction coefficient for 
E. coli ribosomes. The weight ratio of RNA to ribosomes is given in the seventh 
column, and the molar ratio in the last. For conversion to the molar ratio, the 
molecular weight of TY MV-RNA was taken as 2.1 & 10°, and of 70s ribosomes as 
2.7 X 10°. For fractions 5, 6, and 7 most of the absorbancy is contributed by ribo- 
somes from the 70s region, rather than from the complex itself. Making a correc- 
tion based on similar runs with ribosomes alone, the molar ratio for fractions 5, 6, 
and 7 is raised to 0.3, 1.0, and 0.4, respectively. Note that radioactivity attribut- 
able to complexes is distributed over half the gradient, a spread well outside the 
limits for a single species (0.1 of the column height, see Fig. 1). Comparison with 
Figure 3a suggests that the leading region (130-170s) is comprised of a small class of 
particles stable in the presence of KCI, while the peak region (80-100s) is comprised 
of those that have dissociated. Analytical ultracentrifugation of FE. coli ribosomes 
in 0.01 M Tris, 0.01 14 Mg** shows a mixture of 100s and 70s particles; in the KCI- 
containing medium one finds 70s and 50s particles in the ratio of approximately 
2:1.!!. Thus, the shift in the peak of radioactivity from 150s in Figure 3a to 80—-100s 
in Figure 3b can probably be attributed to the dissociation of 100s particles. The 
RNA: ribosome ratio of 0.5 calculated for fractions 2, 3, and 4 in Table 1 is consist- 
ent with the interpretation that these fractions contain complexes composed of two 
70s ribosomes and one molecule of RNA. Fractions 5, 6, and 7 (80-100s) should 
then contain complexes composed of one 70s ribosome and one molecule of RNA, 
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Fig. 4.—Stoichiometry of the 
interaction between TYMYV 
RNA and E. coli ribosomes. 
Centrifugation at 35,000 rpm 
for 45 min at 25°C. Gradients 
contain 0.05 M Tris, 0.05 M 
KCl, 0.01 M Mg**. To each 
was applied 0.1 ml containing 
300 ug ribosomes and (a) 110 ug, 
(b) 42 ug, (c) 27 wg P**-labeled 
RNA. Solid line indicates ab- 
sorbancy, dashed line radio- 
activity. 
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and have an RNA: ribosome ratio of 1.0. Qualita- 
tively this is observed, although the nature of the 
calculation precludes the assignment of an accuracy 
better than a factor of two to the ratio for these frae- 
tions. The conclusion that these complexes have the 
suggested composition rests primarily on their low 
sedimentation coefficient and the comparison between 
gradients with and without KCI. 

Systematic variation of the RNA:ribosome ratio 
in separate gradients makes it possible to determine 
the stoichiometry of the interaction between ribo- 
somesand RNA. In Figure 4a, b, and c, three experi- 
ments are shown in which the molar ratio of RNA to 
ribosomes is 0.48, 0.18, and 0.12, respectively. By 
comparing the distribution of P*? in such gradients 
with the distribution observed when viral RNA is 
run alone under identical conditions, an estimate of 
the fraction of RNA bound can be obtained. Figure 5 
shows a plot of the fraction of RNA bound as a func- 
tion of the RNA:ribosome ratio. It can be seen 
that saturation is obtained at a ratio of approxi- 
mately 0.1. If one measures amino acid incorpora- 
tion into protein as a function of the RNA:ribosome 
ratio in the complete system,‘ the incorporation goes 


through a maximum at approximately the same ratio, 
This result indicates that 
only those ribosomes which function in protein syn- 
thesis bind viral RNA, and that by either test only 10 
per cent of the ribosomes in the cell-free system are 


as shown also in Figure 5. 


functional. 

The attachment of viral RNA to ribosomes is re- 
versible. This can be demon- 
strated in several ways, of 
which one is illustrated in Figure 
6. In this case ribosomes and 
RNA in 0.01 Mg*+* were layered 
ona gradient containing 10~4 M7 
Mg**. In the latter medium 
70s are dissociated 
into 50s and 30s particles. When 
this occurs, the RNA falls off 
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ribosomes 


Fraction P> RNA Bound 
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Fig. 5.—Correlation between RNA binding and amino 
Open circles were obtained from six 


acid incorporation. 


separate gradients as in Figure 4. 
was used for isotope dilution in the gradients as was used 
in the amino acid incorporation assays, filled circles. 


and is found at a position cor- 
responding to 30s, the sedimen- 
tation coefficient of free viral 
RNA. Reversibility can also be 
shown by the ability of P*. 
labeled viral RNA to replace 


-05 


The same cold RNA 
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cold viral RNA bound to ribosomes. The reversibility is sufficiently complete that 
the order of addition of labeled and unlabeled RNA to ribosomes does not affect the 
fraction of label bound; the only pertinent variable is the final RNA: ribosome ratio. 

It was of interest to determine which of the 
subunits of the 70s particle contains the binding 
site(s) for RNA. Accordingly, 50s and 30s parti- 
cles were separated by centrifugation in a low 
Mg++ gradient, concentrated, and each mixed 
with viral RNA in high Mg++. Gradient analyses 
of these interactions are shown in Figure 7a and b. 
This experiment has been performed four times 
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with different preparations of ribosomes; in each 

case, attachment to 30s particles was observed, 

while in three of the four experiments attachment 

to 50s particles was observed. ‘The preparation of 

50s particles which did not bind RNA was also a ee eee ; 
S particles h ; ‘ b a Fic. 6.—'issociation of the RNA 

unable to combine with 30s particles to form 70s ribosome complex. Centrifugation 

particles, although they had been derived from 70s 3! 39,000 rpm for 60 min at 25°C. 

Z A , 300 yg ribosomes and 7 ug P*- 

particles.'?. We have, on several other occasions, labeled RNA in 0.1 ml of 0.01 M 

Tris, 0.01 1 Mg** was applied to 

: ; ; a gradient containing 0.01 M Tris, 

and 30s; as might be expected, such particles are 0.0001 M Mg**. Solid line indi- 

cates absorbancy, dashed line radio- 

activity. 


observed irreversible dissociation of 70s into 50s 


inactive in the amino acid incorporation system as 
well as being unable to bind P**-labeled viral RNA. 

Discussion.—The existence of a cell-free system carrying 
out specific protein synthesis permits us to formulate two 
separate questions: what is the nature of the machinery 
in the cell-free system, and what relation does this ma- 
chinery bear to that operative in vive? It should be clear 
that the results cited above provide information concerning 
the first question only. 

The first point to be made is that the active complex 
requires only Mg*+*+ and such cofactors as are already 
present in washed F. coli 70s particles for its formation. 
This result has already been obtained for poly U'?~" and F. 
coli messenger RNA.'© The contention that viral RNA re- 


quires energy to attach to ribosomes is not supported by 


our results. !* Fic. —7.—Attach- 
In 0.01 1 Mg++ E. coli ribosomes exist as 70s and 100s ment of TYMV-RNA 

: aa a : : to 30s and 50s _par- 
particles. In this milieu the complex of viral RNA and ticles. Centrifugation 
. . . ‘ QF moe 
ribosomes moves faster than 100s and might be comparable at 35,000 rpm, 25°C, 
% : : - for (a) 45 min and (6) 
to the “heavy”’ 100s particles described by Risebrough ef 60 min. 0.1 ml con- 
—_— ai oY ° 9s P teas Or Ee 

al.” The addition of KCl to the gradients (Fig. 3) demon- pe ny Beg oe ye 
‘ = f . , f les 24 
strates that, in the case of the viral RNA-ribosome com- RNA and (b) 180 ug 
plex, heavy 100s particles are artifacts in the sense that 30s particles and 48 yg 
: : : : ieee ‘ RNA was applied to 
they are not obligatory for amino acid incorporation. gradients containing 
Gilbert has recently shown that KCI dissociates 100s par- 0.05 M Tris, 0.05 M 
4 KCl, and 0.01 M 


ticles in the crude extract of F. coli as well, although in his Mg*t. 
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experiment the activity for protein synthesis continued to move faster than 100s." 
The sedimentation coefficient of the viral RNA-ribosome complex, together with the 
ratio of radioactivity to ultraviolet absorbancy in fractions from the complex region 
in KCl-conteining gradients indicates that the complex contains at most two, and 
more likely one, 70s ribosome together with one molecule of viral RNA. 

Published reports indicate that the active complex in reticulocytes in vivo con- 
sists of a string of ribosomes connected by a molecule of RNA.'*: '® It is not yet 
clear whether a similar situation is found in bacteria, although Gilbert’s experi- 
ment" suggests that. A polysome-like structure appears to be formed by poly U 
in vitro, but no such structure has yet been demonstrated with messenger or viral 
RNA. On the contrary, the present work suggests that viral RNA is incapable of 
forming such structures in vitro. Regardless of that handicap, polypeptide synthe- 
sis can be efficiently directed by viral RNA tn vitro: we conclude that one 70s ribo- 
some is sufficient machinery to carry out protein synthesis, a conclusion also reached 
by Gilbert. 

Ishihama ef al. reported that F. coli messenger RNA attached to 70s particles 
only when the particles were first dissociated in low Mg** and then reassociated in 
the presence of the RNA.'© We do not find this requirement for viral RNA. Ishi- 
hama et al. found that messenger RNA could attach to both 30s and 50s particles; 
we find the same true of viral RNA. Furthermore, an examination of the stoichi- 
ometry of association with the ribosomal subunits indicates that a given number of 
30s or 50s particles is capable of binding nearly 80 per cent of the RNA bound by the 
same number of 70s particles. Since S-RNA attaches specifically to 50s particles,” 
and messenger attachment is only slightly enhanced by association with 30s parti- 
cles, it is tempting to suggest another role for the 30s particle: could it be supplying 
the amino acid polymerase? 

Summary.—Plant viral RNA associates with F. coli ribosomes in the absence of 
cofactors other than Mg++. The complex thus formed appears to consist of one 
molecule of viral RNA and one 70s ribosome, and is capable of carrying out poly- 
peptide synthesis. Ina typical preparation of ribosomes, 10 per cent are capable of 
binding viral RNA; the same fraction functions in the amino acid incorporation 
assay. The association of viral RNA with ribosomes is reversed in 10-4 M Mgt*. 
Both 30s and 50s particles appear to contain site(s) for viral RNA attachment. 
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THE MAINTENANCE OF THE ACCURACY OF PROTEIN 
SYNTHESIS AND ITS RELEVANCE TO AGEING 
By L. E. OrGEL 
UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE, ENGLAND 


Communicated by Lord Todd, F. R. S., February 16, 1963 


The ways in which the accumulation of mutations might contribute to the process 
of ageing in higher organisms or in individual clones of cells has been discussed 
at length.! No corresponding treatment of the consequences of transcription errors 
in the translation of the DNA message into RNA and protein sequences seems to 


be available. Here I show that a consideration of the rate of accumulation of such 
errors leads to a paradox, the resolution of which may be relevant to the problem 
of ageing, and that there are a number of simple experiments which should decide 
whether this is the case. 

The basic idea is a simple one, namely, that the ability of a cell to produce its 
complement of functional proteins depends not only on the correct genetic specifi- 
‘ation of the various polypeptide sequences, but also on the competence of the pro- 
tein-synthetic apparatus. <A cell inherits, in addition to its genetic DNA, the en- 
zymes necessary for the transcription of that material into polypeptide sequences; 
the inheritance of inadequate protein-synthesizing enzymes can be as disastrous 
as the inheritance of a mutated gene. Similarly, a cell may deteriorate through a 
progressive decrease in the adequacy of its transerption mechanism, just as it 
may through the accumulation of somatic mutations. 

As a basis for further discussion we shall suppose :* (a) that the sequence of amino 
acids in a protein is determined by the sequence of nucleotides in a corresponding re- 
gion of the DNA; (b) that the immediate functions of DNA include the direction 
of the synthesis of transfer, microsomal, and messenger RNA but not of proteins; 
and (c) that the information for peptide sequence determination is carried by mes- 
senger RNA, but that other forms of RNA may affect the accuracy of protein 
synthesis. 

There is little direct evidence concerning the accuracy of polypeptide-sequence 
determination. The accuracy of synthesis of messenger RNA is unlikely to ex- 
ceed that of DNA replication, for which an error frequency of 10~° per base has 
been estimated.' This would contribute an error frequency of about 3 Xx 10-% 
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to protein synthesis if a degenerate three-letter code is assumed. However, the 


process of sequence determination also involves the specific reaction of the amino 


acids with their activating enzymes; this is likely to be a more important source of 
error. It must be difficult to distinguish a pair of amino acids as similar as valine 
and isoleucine even with an error level of 10~4. 

Our lack of knowledge of the error-frequeney in protein synthesis makes it im- 
possible to say, a priori, whether or not the accumulation of errors of protein se- 
quence is relevant to the processes of ageing in higher organisms; this point must 
be decided experimentally. The nature of the mechanisms by means of which the 
accuracy of protein synthesis is maintained remains of interest, however low the 
error frequency. The first part of this paper will be concerned with these 
mechanisms. 

We consider the following problem: suppose we could obtain a cell in which ini- 
tially every polypeptide chain was in exact correspondence with its DNA sequence, 
the correspondence being assumed unambiguous. What would be the consequences 
of errors in protein transcription? We shall concentrate on what must be one of the 
main types of transcription error, namely, the replacement of a given amino acid 
by an incorrect amino acid. Let us roughly (and necessarily somewhat arbitrarily) 
divide the proteins of the cell into two sets, the first concerned with physical strue- 
ture and intermediary metabolism, and the other concerned with the processing 
of genetic information, that is, the determination of the sequences of nucleic acids 
and polypeptides. The consequences of transcription errors for the two classes are 
very different. 

If a small proportion of the protein molecules responsible for some metabolic 
function, say a part of glucose metabolism, were in error, then we might expect a 
somewhat lower average turnover number for the enzyme, a slightly reduced aver- 
age specificity of the reaction, or perhaps a slight loosening of the average ‘control’ 
of the reaction by feed-back inhibition, ete. These effects would not be cumula- 
tive; once the faulty messenger RNA or protein had been degraded, all memory of 
the error would soon be lost. 

The situation is very different for the second class of proteins. Errors leading to 
complete loss of function would again affect only the efficiency of the information- 
transfer process in terms of average number of polymers replicated or synthesized 
per enzyme molecule. However, errors which lead to a reduced specificity of an 
information-handling enzyme lead to an increasing error frequency. Such proc- 
esses are clearly cumulative and arguments which we shall next give in some detail 
suggest that, in the absence of an imposed selection for “accurate” protein-synthe- 
sizing units, must lead ultimately to an error catastrophe; that is, the error frequency 
must reach a value at which one of the processes necessary for the existence of vi- 
able cell becomes critically inefficient. 

Under any given conditions the initial error frequency corresponding to the re- 
placement of a particular amino acid in a particular position in a protein must be 
well-defined. Naturally it depends both on the amino acid replaced, the new 
and incorrect amino acid substituted (or, more correctly, on their base representa- 
tions in the nucleic acid), and perhaps also on the environment in the peptide. 
Some replacements must certainly be more frequent than others on account of speci- 
ficity at the transfer-enzyme level; further variety is introduced by any nonran- 
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dom distribution of errors of RNA synthesis. Similarly, each error in the protein- 
synthesizing system will induce a quite specific family of errors in the material syn- 
thesized; a loss of amino acid specificity of the phenylalanine activating enzyme, 
for example, could only effect substitutions involving the replacement of phenyl- 
alanine. 

One feature of the dependence of the frequency of induced errors on the con- 
centration of errors already present seems fairly certain, namely, that for small 
enough concentrations of errors the principal term is linear; that is, if we double the 
number of each kind of error already present in the protein-synthesizing system, we 
shall double the excess of induced errors over that in the initial error-free system. 
We shall not lose sight of the general features of the problem if, instead of con- 
sidering the development of errors class by class, we lump them together and con- 
sider the error frequency p measured as the proportion of errors per amino acid 
present in polypeptide. 

New protein synthesized by the initially correct enzymes will have some charac- 
teristic error concentration, say po. In the absence of any influence of errors 
already present on the frequency of error production, the error-level would settle 
down to pp once an amount of protein, large compared with that initially present, 
had been synthesized. If a slight linear dependence of the frequency of error pro- 
duction on the concentration of errors already present must be taken into account, 


we may, as a first approximation, write 


dp 
= ap (1) 

dt 
where we consider the development of the system only after a time t) at which the 
error frequency po has become established. This equation is only valid if p is 
small. 

The solution of equation (1), p = poe“, shows that the error frequency initially 
increases exponentially and hence we predict the error catastrophe already men- 
tioned. A proper treatment of this problem would take account of the time delay 
in the expression of errors. More importantly, the methods of probability theory 
should be used to determine the variance of p, ete.; the use of the differential equa- 
tion (1) may be a rather poor approximation here, since the number of errors per 
cell may be small. These elaborations do not seem justified in the absence of more 
detailed experimental evidence. 

How could an error catastrophe be avoided? Genetic selection for these proteins 
of DNA sequences, which in the course of transcription give particularly low error 
frequencies, may be possible within limits; selection for sequences which are com- 
pletely inactivated by amino acid substitution would be more powerful. Selective 
scavenging of all incorrect proteins by hydrolytic enzymes might also contribute. 
However, in the light of recent work on ambiguous mutants,’ it seems unlikely that 
these methods are powerful enough. What is needed is a selection based on the 
accuracy of protein synthesis, that is, a selection which rejects enzymes which 
lead to too many errors in protein synthesis. This could be achieved within a single 
cell only by a partial or complete segregation of the products of one piece of “‘pro- 
tein-synthetic apparatus.”” All the available evidence argues against such segre- 
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zation. We must presume then that the selection works at a cellular or higher 


level. 

In any population of cells there must be a certain variance in the accuracy of the 
protein-synthetic apparatus so that a sufficiently severe selective pressure could 
eliminate the least accurate cells; otherwise all cell lines would ultimately deterio- 
rate. I shall try to put this result in a paradoxical form as follows: suppose we take 
a single bacterial cell and culture it under “ideal” conditions. After the first divi- 
sion we choose one daughter cell at random, allow it to divide again, choose one 
daughter cell at random, and proceed in this way in the absence of any “‘competi- 
tion” between cells.4 Then the arguments given above show that we finally get a 
nondividing cell even in the absence of mutation (naturally, the mutation frequency 
would also increase when the error frequency rose sufficiently). If these arguments 
are correct, one of the important functions of selection at cellular level is the main- 
tenance of the accuracy of protein synthesis. Such a function would be additional 
to that usually discussed by geneticists and might quite possibly be equally im- 
portant. 

These speculations raise two important questions when applied to higher or- 
ganisms. Firstly, does a cumulative inaccuracy in protein synthesis, connected 
with mutation only in so far as it is likely to lead to an increased somatic-mutation 
rate, play any role at all in the clearly extremely complex phenomenon of ageing? 
Secondly, what are the protective and selective mechanisms which prevent the 
error catastrophe in higher organisms? 

There seems a fairly obvious experimental approach to the first of these questions. 
If we wish to study the effect of errors in protein synthesis in the absence of compli- 
‘ations due to primary nucleic acid changes, we must increase such errors specifi- 
‘ally, that is, without affecting nucleic acid synthesis. This could now be done 
by incorporating appropriate amino acid analogues. In the case of microorganisms 
of fairly representative selection of amino acid, errors could be induced by adding 
subtoxic concentrations of, say, p fluorophenylalanine, or, better, a mixture of p 
fluorophenylalanine and ethionine,® to the growth medium. A related experiment 
could almost certainly be done with mice. The level of incorporation of the ana- 
logue in these experiments should be far below that which causes death directly by 
gross inactivation of enzymes. In principle a pulse of analogue should produce 
consequences which cannot be reversed (except by selection) even after elimination 
of the analogue. It is perhaps worth remarking that it should be possible to study 
the effects of point mutations and primary errors of RNA synthesis by using 
bromouracil and fluorouracil, respectively, instead of amino acid analogues. 

In higher organisms the situation is complicated by the existence of dividing and 
nondividing cells. The accumulation of transcription errors is likely to be partic- 
ularly serious for the latter since, in the absence of division, selection at the cellu- 
lar level is impossible. In slowly dividing tissue, selection may or may not be able 
to maintain the accuracy of protein synthesis; this can only be determined by ex- 
periment. 

Now we come to the mechanism of protection or selection in higher organisms. 
If any part of the ageing process has to do with the accumulation of errors of poly- 
peptide sequence, we need to know how it is that each new organism comes to 
have as clear a start as its parents. Separation of the germ line early may help in 
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some way, but we have no reason to believe that the enzymes initially present in the 
egg have been subjected to a significantly reduced possibility of error. Various 
solutions seem possible; for example, selection in the growing embryo may be strong 
enough or the process of embryogenesis may demand such a high accuracy that its 
successful completion guarantees the necessary accuracy of protein synthesis. One 
can also conceive of special mechanisms of quality control; for example, special 
proteins might be synthesized which are converted by a certain class of errors into 


lethal polypeptides. This would guarantee that the frequency of this class of errors 
in viable cells is kept low. At present there is no evidence available which enables 
one to select among these possibilities. 

1 wish to make it quite clear that | am not proposing here that the accumulation 
of protein transcription errors is ‘‘the mechanism of ageing.’’ My object is the 
more modest one of pointing out one source of progressive deterioration of cells 
and cell lines. Since | am unable to estimate the time scale of this process, I can 
only suggest experiments which should show where, if anywhere, it contributes to 
the ageing process in higher organisms. 


I am indebted to Professor H. C. Longuet-Higgins and Dr. F. H. C. Crick for valuable criticisms 
of my original manuscript 
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DYNAMIC ROLE OF TRIPLET STATES IN: PHOTOSYNTHESIS* 
By G. W. Ronixsont 
GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY H 
Communicated by Norman Davidsen, February 27, 1963 


The purpose of this communication is to point out some attractive features of 
primary photosynthetic steps based, partially at least, on energy transfer and energy 
multiplication mechanisms which involve the triplet state of chlorophyll. A more 
critical comparison of triplet state mechanisms, singlet state mechanisms, and 
photoionization mechanisms will be deferred until a later time. Here we strive 
only to correct some misunderstandings concerning the possible role of triplet states 
in photosynthesis and to speculate upon certain mechanisms often excluded from 
past thinking because of the misunderstandings. 

Population of Triplets.There seems little doubt that efficient singlet — triplet 
radiationless transitions (intersystem crossing) can occur in molecular aggregates, 
providing processes such as radiation or chemical quenching which limit the life- 
time of the singlet state are not too fast. In the case where excitation transfer is 
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slow compared with the singlet-triplet radiationless transition time, the process is 
not fundamentally different from that which occurs for a molecule in an inert 
solvent!~* such as a hydrocarbon ‘‘glass.”” When the excitation transfer time is 
fast compared with the time for intersystem crossing, the probability of transfer 
divides itself among a number of molecules, but the over-all rate remains the 
same as for the localized case, providing the molecular vibrations are not affected 
by the fast excitation transfer. In the particular strong coupling limit‘ in the 
singlet where the vibrations of the aggregate in the excited state are different than 
they are for localized excitation, the singlet-triplet transition probability is dif- 
ferent by virtue of its dependence on vibrational factors” * in the transition matrix 
elements. However, these factors and the associated transition probabilities are 
probably larger than they are when both excitations are localized, since the mag- 
nitude of vibrational factors between two nondegenerate electronic states often 
increases with increasing nonorthogonality of the vibrational eigenfunctions in 
the two states. Furthermore, the decreased energy separation between singlet 
and triplet states of the aggregate as compared to that in the isolated molecule 
should also enhance intersystem crossing.’ Thus, we conclude that in almost all 


cases, except the unreasonable one where both singlet and triplet exciton inter- 
actions are in the strong coupling limit, the radiationless intersystem crossing 
process in a molecular aggregate should have the same order or higher transition 
probability than that normally found in rigid glass experiments. The arguments 
in the weak and intermediate coupling limits are particularly applicable to chloro- 
phyll in vivo where absorption and fluorescence spectra imply that the intermolee- 


ular coupling is weaker than in crystalline chlorophyll.‘ 

The expectation of efficient intersystem crossing in aggregates is borne out in 
mixed erystal experiments’ with organic molecules. More important, a certain 
amount of information about intersystem crossing in aggregates of chlorophyll in 
pivo is implied from existing fluorescence quantum yield measurements. It is known 
that monomeric chlorophyll-a in ether or methanol solution under 430-436 mu excita- 
tion shows a fluorescence quantum efficiency of about 33 per cent.’ Similarly, recent 
measurements by Goedheer® using ~615 mu excitation of monomeric chlorophyll-a 
both in 10-4 methanol solution and in postetiolated bean leaves show nearly 
identical fluorescence quantum efficiencies, the in vivo to in vitro ratio running be- 
tween 0.6- 1.2 fora series of experiments. Such experiments indicate that the rate of 
intersystem crossing in monomeric chlorophyll-a in vivo or in vitro may be up to 
twice that for the purely radiative process from the singlet state. Even though 
the 67 per cent upper limit to the efficiency can be achieved only in the absence 
of other nonradiative processes, it appears that intersystem crossing might be an 
important path by which excited singlet states are depleted in monomeric 
chlorophyll-a. 

In aggregated chlorophyll in vivo, efficient photosynthetic processes further re- 
duce the lifetime of the excited singlet. Such an effect would be anticipated from 
the over-all high quantum efficiency of photosynthesis and is evidenced by the 
greatly reduced fluorescence quantum efficiency in mature plants. Taking 2 per 
cent to be the fluorescence quantum efficiency for chlorophyll aggregates in vivo*® ° 
and assuming no change in the rate of intersystem crossing in the aggregate, it would 
appear that at most only about 4 per cent of the singlets undergo intersystem cross- 





Vou. 49, 1968 BIOCHEMISTRY: G. W. ROBINSON 


ing to the triplet state. Such a low efficiency would hardly be important. If it 
actually existed in the photosynthetic system, the arguments presented in this paper 
would not be pertinent. On the other hand a 10-fold increase in the rate of inter- 
system crossing in the aggregate would enable triplet state population to be im- 
portant even in the face of strong ‘chemical quenching” of the singlet state. As 
suggested in the first paragraph of this section, an increase of such magnitude may 
not be unreasonable. 

Some evidence for an increased efficiency of intersystem crossing in in vive chloro- 
phyll aggregates does in fact seem to exist. Experiments’ have shown that in liv- 
ing cells the normal 2 per cent fluorescence efficiency rises to 4 per cent upon inhibi- 
tion of photosynthesis. Assuming that the radiationless transition from the ex- 
cited singlet state directly back to the ground state is unimportant in the aggregate, 
this result implies that under inhibition of photosynthesis, where the excited states 
can do no photochemistry, 96 per cent of the excited molecules do indeed undergo 
intersystem crossing to the triplet state. The rate of intersystem crossing in the 
in vivo aggregate therefore appears to be about 24 times that for fluorescence radia- 
tion. In the case where photochemistry is not quenched by an inhibitor, use of the 
2 per cent fluorescence efficiency leads one to expect quantum efficiencies of 48 
per cent for intersystem crossing and 50 per cent for photochemistry from the ex- 
cited singlet state.'' These estimates are relatively crude because it has been as- 
sumed that inhibition changes only the efficiencies, but not the rates of the various 
processes which take place in the in vivo system. More important, this simple 
picture would be severely complicated by the presence of two quantum processes 
(vide infra) involving singlet or triplet states. Nevertheless, one is still tempted to 
say that a good fraction of the excited in vivo chlorophyll-a molecules at least reach 
the triplet state. In order for the triplets to contribute to photochemistry in the 
plant, they must do something useful during their <10~* see lifetime.'® '* Later in 
the paper we will point out that the triplets should indeed be able to do something 
very useful during this period of time. 

One may at first think that the population of triplet states in a photosynthetic 
system should be accompanied by some phosphorescence (triplet-ground state emis- 
sion) and might conclude that, since none has ever been observed, the existing evi- 
dence is therefore against triplet state population. There are three reasons why 
phosphorescence is not expected from in vivo aggregates of chlorophyll molecules, 
even though the triplets do get populated. The first reason has to do with the na- 
ture of monomeric chlorophyll in particular, the second concerns the behavior of 
triplet states in molecular aggregates in general, and the third has to do with the 
fact that, if efficient photochemistry from the triplet state is to occur, the triplets 
have little time to phosphoresce. The first two points will be discussed separately 
later in the paper under the headings of Quenching of Triplets and Triplet-Triplet 
Annthilation and Energy Multiplication. It develops that a low phosphorescence 
quantum yield need in no way be related to the efficiency of intersystem crossing to 
the triplet state. 

Triplet Energy Transfer.—It has often been remarked that “the transfer of triplet 
energy in molecular aggregates is slow because the required overlap of electronic 
eigenfunctions in the intermolecular region must be small.’’ This statement only 
partly hits the mark. The interaction energy 8'' for triplet excitation transfer in 





BIOCHEMISTRY: G. W. ROBINSON Proc. N. ALS. 


hydrocarbons does depend primarily upon electron exchange" which, in turn, de- 
pends on intermolecular overlap of the wave functions. The interaction energy, 
however, need not be excessively small, being of the same order of magnitude as that 
for lowest singlet excitation transfer in certain z-electron molecules.”: '* The 
principal reason for this is that electronic eigenfunctions for a many-electron sys- 
tem fall off considerably less rapidly than exp (—Z.@r/n) by virtue of the decrease 
toward unity of the effective nuclear charge Z.q at large electronic distances r."7 
A direct experimental determination of the nearest neighbor @ for crystalline ben- 
zene gave 0.0015 e-v (12 em~!) corresponding to a time for one excitation transfer 
event of about 4 X 107" sec! Such a fast process can easily overwhelm other radi- 
ative and nonradiative processes from the triplet state. 

Theoretically, the exchange interaction can be shown to be dependent upon the 
mutual orientation of the molecules,'® the interaction of greatest magnitude oc- 
curring when the z-orbitals on each molecule are pointing directly toward one 
another. It is important to point out that the triplet interaction, unlike that for 
certain singlets,’ has nothing whatsoever to do with the strength or polarization 
direction of the transition from the ground state to the triplet state. It would truly 
be coincidental if the optimum orientation for greatest heat of aggregation in the 
ground state, optimum orientation for singlet transfer, and that for triplet transfer 
were all the same. It should be realized, however, that even when the orientations 
are not optimum, as in crystalline benzene, energy transfer may still occur with high 
efficiency. 

The relatively large triplet interaction energy is not the only reason that triplet 


energy transfer in molecular aggregates is important. The lifetime of the triplet 
state, being much longer than that of the singlet, allows ample time for triplet energy 
transfer even in the absence of large interaction energies. Thus, the two points 
together, moderate interaction energies and intrinsically long triplet state life- 
times, cause triplet energy transfer in many kinds of organic aggregates to be as 
important as singlet transfer, or more so.'* There is therefore no obvious reason 


why the triplet state should not provide an efficient means of transferring energy 
through chlorophyll aggregates. 

Another statement often made is that triplet energy transfer, being a short range 
interaction, dies off exponentially with distance, so that at most only nearest-neigh- 
bor transfer is ever expected. Again, this statement is only partially true. Cer- 
tainly, for two interacting molecules in a vacuum, the exchange term for fixed Zeg 
does drop off exponentially with distance at large distances. In real molecules the 
exchange term diminishes considerably more slowly than this, because Z. is itself 
decreasing. More important, in a molecular aggregate the transition probability 
for excitation transfer does not depend solely upon the direct (vacuum) interaction 
between two molecules. Any interactions which can occur by virtue of the fact 
that the molecules are both coupled to the whole system, and are thus indirectly 
coupled to one another, will contribute to the transition probability. In many 
cases the indirect interactions are expected to outweigh the direct ones by far. 

Indirect interactions have been found to be responsible for long-range tunneling 
of triplet excitation between energy traps (sinks) in a host crystal when the triplet 
states of the host are nearby. The mean time for this transfer in the case where the 
aggregate is one dimensional is given by”? 
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hak’ 7 
for both 6 and B’ < Ak, where AF is the energy difference between the triplet 
states of the guest and the host, 8 is the nearest-neighbor guest-host vibrational- 
electronic interaction energy, and 8’ is the nearest-neighbor host-host interaction. 
N is the number of intervening host molecules. The time 7 is expected to be con- 
centration-dependent because of the exponential factor N, and is expected to be 
lemperature-dependent because of the fact that AE effectively decreases with increas- 
ing temperature. This mechanism provides a good way by which triplet states can 
undergo long-range energy transfer in molecular aggregates containing energy traps. 
In the instance where the energy traps are shallow or where there are no traps, the 
simple formula above does not apply. Nevertheless, in such cases an analogous 
type of long-range transfer of energy occurs. Thus, it is possible for triplet excita- 
tion to migrate efficiently either through pure aggregates or through aggregates containing 
impurity or defect traps. 

Quenching of Triplets..-Radiationless processes (intersystem crossing) between 
a singlet state and a triplet state have been shown to depend upon the strength of 
the spin-orbit coupling between the two states and upon the magnitude of the vibra- 
tional Franck-Condon factors associated with the two states.2>* The Franck- 
Condon factors range from zero to unity, and, for the latter value, singlet-triplet 
radiationless transitions between z-electron states of hydrocarbons take place in 
roughly 10~-" see.*! Such high rates would easily dominate fluorescence which 


occurs in only about 10~% sec, and would even be able to compete successfully with 


the faster 7m vivo singlet state mechanisms in the photosynthetic system. 

The Franck-Condon factors are very much smaller than unity for singlet and 
triplet states of widely different electronic energy, but approach unity as the two 
electronic states get close together. This point is especially pertinent in the process 
analogous to intersystem crossing which we call (riplet state quenching, that is, the 
radiationless transition between the first excited triplet state and the ground state. 
One sees that triplet states lying relatively close to the ground singlet are expected to be 
quenched rapidly by a radiationless transition to the ground state. The over-all 
triplet state lifetime 7;, which is the reciprocal of the sum of the triplet radiative and 
nonradiative rates, therefore decreases markedly for decreasing triplet state energy 
Ky. Furthermore, of the molecules reaching the triplet state, the fraction fp** 
which phosphoresce is expected to decrease rapidly with decreasing Ey. The series 
anthracene®® (iy = 1.82 e-v, rz < 0.1 sec, fp = very low), naphthalene™* (Ey = 
2.64 e-v, rrp = 2.6: sec, fp ~ 0.16), and benzene**: » (Eq = 3.66 e-v, rp = 7.0 sec, 
fp = 0.25), illustrates this point for simple hydrocarbons. In chlorophyll-b Becker 
and Kasha" have found that the triplet state lies near 1.43 e-v (865 my). Such a 
low-lying triplet state is expected to be subject to rapid quenching. Similarly, the 
triplet state of chlorophyll-a lies very close to the ground state (1.40 e-v, 885 mu).° 
The 10~* sec triplet state lifetime: '* of monomeric chlorophyll is therefore doubtless 
‘caused primarily by nonradiative transitions from the triplet state back to the 
ground state, and it is not unexpected that the quantum yield for phosphorescence 
emission is low. There is no reason to believe that, associated with chlorophyll in 
aggregates, there is not a similar quenching mechanism. 

A low phosphorescence quantum efficiency for the monomeric chlorophylls has 
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indeed been indicated in the experiments of Becker and Kasha,'*: *° a result which 
should not be construed to mean that the triplet state is not populated efficiently, 
but instead that the quenching rate as expected for the low-lying triplet state is 
high. 

Triplet-Triplet Annihilation and Energy Multiplication.-In a molecular aggre- 
gate, phosphorescence and nonradiative quenching” directly back to the ground 
state are not the only ways by which triplet states can disappear. 7'riplet excita- 
tions on two different molecules can mutually annthilate one another, so that one of the 
two molecules goes back to the ground state while the other is promoted to a higher elec- 


f20 


tronic state having up to twice the energy of the triplet state!”’ Spin selection rules allow 
this higher state to be a singlet, a triplet, or a quintet.’> where, respectively, zero, 
two, or four electrons are unpaired. 

The interaction energy for the triplet annihilation process, like the triplet transfer 
process, depends upon electron exchange.*? Long-range triplet annihilation 
interactions through a vacuum are therefore not very strong. However, just as 
for long-range trap-to-trap triplet energy transfer in a molecular aggregate, the 
annihilation process itself can occur at long range, providing host states are relatively 
low-lying. The existence of excitation residing on nearest neighbors is therefore 
not an important requirement for efficient annihilation in such cases. Further- 
more, it can also be shown” that, either in pure molecular aggregates or in aggre- 
gates containing a low concentration of shallow traps or a high concentration of 
deep traps,” the triplet energy transfer rate, as well as the annihilation rate, can both 
far exceed the rate at which radiation or simple quenching of the triplet state back 
to the ground state occurs. In other words, by virtue of the relatively long triplet 
state lifetime for radiation plus quenching, an efficient mutual annihilation of trip- 
lets in molecular aggregates can occur which allows triplets to be converted inte 
high energy quanta. Thus, an important energy multiplication process can take 
place by way of the triplets. In pure organic crystals the annihilation process 


may serve only to quench phosphorescence rapidly ;?° in mixed organic crystals, 


long-range annihilation between traps can partially quench phosphorescence to 
produce higher singlets and lead to delayed fluorescence ;*’ in a photosynthetic 
system, the mutual annihilation of triplets can lead to useful high energy photo- 
chemistry. 

It must be borne in mind here that even though annihilation is a two-quantum 
process whose rate depends upon the square of the concentration of excited states, 
the dependency of the annihilation rate upon light intensity remains linear in the 
limit of fast annihilation. This fact follows from an examination of the over-all 
kineties.””. Physically it is an expected result since, in the limit where the major 
cause of triplet disappearance is bimolecular annihilation rather than unimolecular 
quenching, the stationary triplet concentration depends on the square root of the 
rate at which triplets are produced, i.e., on the square root of the light intensity; 
and the rate of triplet-triplet annihilation as well as the rates of processes which de- 
pend upon it, such as delayed fluorescence and high energy photochemistry, de- 
pend linearly on light intensity. The well-known linear variation of photosynthetic 
yield with light intensity in the range of low intensities up to saturation intensities*! 
is therefore not at variance with the presence of a fast triplet-triplet annihilation step 
in the photosynthetic mechanism. 
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Summary.——In this communication the possible importance to photosynthesis of 
triplet state quenching, triplet energy transfer, triplet-triplet annihilation, and triplet 
energy multiplication has been pointed out. The more restricted role of triplets in 
photosynthesis discussed by Franck** and others** can now be broadened to include 
these more efficient processes. The presence of triplet mechanisms in the photo- 
synthetic apparatus would not, of course, rule out quenching, energy transfer, anni- 
hilation, and energy multiplication involving singlet states; nor does it rule out 
annihilation and energy multiplication steps via either the triplet”’ or singlet states** 
to produce charge separation with further energy migration or chemical processes 
involving the charge carriers ® It would not be surprising if two or more of these 
types of energy transfer mechanisms combine in the primary photochemical steps. 
Such might be anticipated fiom Emerson enhancement effects®~* which indicate 
that chemical cooperation on a relatively long time scale (~5 sec) takes place be- 
tween the products of primary light absorption at different wavelengths. Thus, 


two-quantum physical mechanisms may combine in a “two-quantum’’ chemical 


process in over-all photosynthesis. 

The presence of shallow energy sinks in the photosynthetic apparatus seems as- 
sured by the existence of electronically similar but slightly different pigments. * 
These energy sinks are chlorophyll-a molecules which appear to be in very special 
chemical environments or in very special states of aggregation. One might specu- 
late that at room temperature efficient energy transfer and annihilation may occur 
between the energy sinks themselves (according to what was said earlier in the paper 
about long-range effects), provided the energy sinks are appropriately coupled 
through the nearby states of their own accessory pigment system.** However, at 
fairly low temperatures the transfer of energy may be retarded. At such tem- 
peratures where triplet energy transfer is relatively slow and where photochemistry 
has been quenched, triplet-triplet annihilation may reveal itself as delayed fluores- 
cence having a nonexponential decay”’ of similar half life as the triplet state. 
That low temperature emission of this kind has already been in fact observed*!: * 
perhaps may be direct evidence for a dynamic rather than a static role of triplet 
states in photosynthesis. 


* Supported in part by the U.S. Atomic Energy Commission, the U.S. Army Research Office, 
and the National Science Foundation. 

+ Alfred P. Sloan Fellow. 
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THE SPECIES VARIATION OF RNA METHYLASE* 
By P. R. SRINIVASAN AND ERNEST BOREK 
DEPARTMENT OF BIOCHEMISTRY, COLLEGE OF PHYSICIANS AND SURGEONS, COLUMBIA UNIVERSITY 
Communicated by David Rittenberg, February 26, 1963 


The presence of the methylated purines and pyrimidines in soluble RNA presents 
two questions: their origin and function. Assuming that all nucleic acid sequences 
are predetermined by the bases in DNA, the origin of nucleotide chains bearing 
methylated bases from a sequence of DNA which is devoid of them, appeared prob- 
lematical. This anomaly was recently resolved by the demonstration of the exist- 
ence in E. coli of an enzyme system (RNA methylase) which methylates s-RNA at 
the polynucleotide level’ ? using S-adenosyl-methionine as the methyl donor* for 
all bases, including thymine.‘ 

A variety of functions has been ascribed to the methylated bases of s-RNA, 
ranging from their being mere disposal systems for surplus methyl groups to a 
pivotal role in the coding for amino acids. ‘These hypotheses have been based on 
studies of the levels of the bases in the RNA of different species. 
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We have investigated not the quantitative levels of the various methylated bases, 
but rather the patterns of methylation by the RNA methylases from different 
species. Irom our studies we conclude that the methylation is highly ordered 
within a species and varied inter species. 

The RNA from a given source, while fully methylated with respect to its homolo- 
gous methylating enzymes, can offer new sites for methylation for the enzyme from 
a different species. In other words, there is a high reciprocal specificity between 
methylating enzymes and s-RNA substrate within each species. The implications 
of this finding on the possible role of the methyl groups in s-RNA will be discussed. 

Experimental.—Preparation of homogenates containing the enzymes: Young rats, 
6-8 weeks of age, were sacrificed by decapitation. The organs were quickly re- 
moved and homogenized in 4—6 volumes of ice-cold sucrose solution (0.25 .1/, 
0.01 MgCl.) in a loose-fitting Potter-Elvehjem homogenizer. Nuclei, debris, 
whole cells, and mitochondria were removed by filtering through fine gauze and by 
centrifugation at 10,000 g for 15 min at 0°. The supernatant fluid was centrifuged 
at 105,000 g for one hr at 0°. The clear supernatant fluid was used for the enzyme 


studies. 


TABLE 1 
THe DistTRIBUTION OF RNA METHYLASE 
Adenosylmethionine-methyl-C!! 


Methionine-methyl-C'* (epm) (epm) 
Enzyme preparation Without RNA With RNA* Without RNA With RNA* 


10 290 30 870 
20 340 SO 760 
ae : 90 1,110 
Brain homogenate @ 20 170 50 590 
Spleen homogenate 30 580 110 1,840 
Kidney homogenate 7 170 40 530 
Heart homogenate ee oe 10 300 
Spinach homogenate 10 70 150 1,600 


Liver homogenate 


(1) 
(2) 
(3) 


* The nonmethylated s-RNA used was prepared from methionine-starved FE. coli Kiz W-6. For 


details see text. 
The protein content of homogenates were: liver 16-20 mg; brain and heart, 7 mg; spleen 23 mg; 


spinach 8 mg per ml. 


The extract of spinach was prepared by homogenization of 50 gm of fresh leaves 
and 100 gm of alumina (Aleoa, A-305) with 150 ml of Ke.HPO, solution (0.1 7) 
in a Waring blendor for two min at 2°. The resulting homogenate was centrifuged 
at 20,000 g for 10 min at 0°. The supernatant fluid was again centrifuged at 105,000 
q for one hr at 0°. The supernatant fluid from this centrifugation was assayed for 
its capacity to methylate different RNA preparations. 

The reaction mixtures contained 100 umoles of Tris buffer, pH 8.2, 100 wmoles of 
reduced glutathione, 100 wmoles of MgCl, 15 umoles of enolpyruvylphosphate, 2 
umoles of ATP, 0.1 ml of a tenfold diluted crystalline preparation of pyruvate kinase 
(Boehringer and Soehne, Germany), either 0.6 we of methionine-CH;-C' or 0.5 
uc of adenosylmethionine, 1 ml of enzyme preparation plus additions in a total 
volume of 2.0 ml. The preparations of RNA, when added, were at a concentration 
of 2 mg in the total volume. The incubations were carried out at 37° for 45 min, 
at the end of which 1 ml of 3 1/7 hydroxylamine (pH 7.4) was added. After 10 
min, the tubes were cooled, 6.5 ml of 6 N HCl was added, followed by 1 ml of 20% 
TCA. The precipitate was collected by centrifugation and washed three times 
with 5 ml of 5% TCA containing a large excess of nonradioactive methionine or 
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adenosylmethionine. The residue was washed twice with 70% ethanol, followed 
by a wash with 3:1 ethanol ether mixture. The white precipitate was dried in 
vacuo at room temperature and the dry residue extracted with 2 NV NH,OH at 50°. 
The ammonia extract was transferred to stainless steel planchets, dried and 


counted in an end window counter. 

The preparation of methylated and nonmethylated soluble RNA’s from loga- 
rithmically growing organisms and methionine-starved organisms has been de- 
scribed earlier.4 Soluble RNA from veast was kindly provided by Dr. 8. Morisawa; 
the soluble RNA and ribosomal RNA of liver were gifts of Dr. George Aes. 

Results and Discussion.—-In Table 1 the distribution of RNA methylase in various 
tissues is presented. In addition, its presence has also been demonstrated in white 


blood cells... It is evidently a ubiquitously distributed enzyme. S-adenosyl- 
methionine is invariably a more effective methyl donor than methionine plus 
ATP. This is probably a reflection of some limiting factor for the methionine- 
activating enzyme in our preparations. 

The species specificity of RNA methylase was investigated by exposing various 
s-RNA preparations to the enzyme system from both a homologous and heterolo- 


TABLE 2 
INCORPORATION OF RADIOACTIVITY FROM ADENOSYLMETHIONINE-METHYL-C' INTO DIFFERENT 
PREPARATIONS OF RNA By HETEROLOGOUS ENZYMES 


Enzyme preparation (epm) 
Additions Liver homogenate Spinach homogenate 


None 50 130 
Nonmethylated EF. coli s-RNA 690 1,640 
Methylated F. coli s-RNA 660 1,180 
Yeast s-RNA 370 500 
Liver s-RNA 100 

Liver ribosomal RNA 140 140 


For details see text. 


gous source. An enzyme yields negligible incorporation of methyl groups into its 
homologous s-RNA. The s-RNA which accumulates during methionine starva- 
tion of EF. colt Ky W-6 is an exception, since the RNA formed under these conditions 
is not methylated.® It should be emphasized, however, that at least one half of the 
s-RNA extracted from such sources contains the methylated bases, i.e., that frac- 
tion which had been synthesized under the normal conditions of growth prior to the 
methionine deprivation. It was found that the nonmethylated RNA accepts from 
the homologous enzyme system only its normal quota of methylated groups.” 
Moreover, particulate RNA derived from ribosomes cannot serve as a methyl ac- 
ceptor for the enzyme system. The sites for the methylation are thus highly spe- 
cifie (Table 2). 

On the other hand, an enzyme apparently can search out new sites for methyla- 
tion in an otherwise fully methylated heterologous s-RNA.** It thus appears that 
both the substrate and the enzyme are endowed with a directive specificity which 
is a species characteristic. 

These findings, although they do not clarify the problem of the function of 
methylation of s- RNA, do tend to exclude some of the putative roles for the process. 

One of the superficially apparent functions of methyl groups is the reduction of 
hydrogen bonding sites which might contribute to the reversibility of attachment of 





BIOCHEMISTRY: SRINIVASAN AND BOREK Proc. N. ALS. 


the adaptor area of the s-RNA to some template site. While this may have valid- 
ity in the instances of substitution of nitrogen, it has recently been shown that the 
methylation of uracil to yield thymine has an apparently opposite effeet: hydrogen 
bonding (by the carbonyl group of thymine) is increased.’ Moreover, if the role 
of methylation were merely the alteration of hydrogen bonding, the species speci- 
ficity and intraspecies variation of the enzyme system would appear to be super- 
fluous. Nor is it likely in view of the findings reported here that the methylated 
bases are involved in the coding of amino acids for, if one assumes the amino acid 
code to be universal, the methylating enzymes of all species should be uniform. 
We find that a presumably encoded s-RNA of one species can accept methyl groups 
from a heterologous enzyme system. 

The methylation of s-RNA does not appear to alter the susceptibility of s-RNA 
to nucleases for, at least with ribonuclease, we have found no appreciable difference 
in the rate of hydrolysis of the methylated and nonmethylated species of RNA. 

The function of methylation is obscure and at the present time no satisfactory 
hypothesis can be offered for the role of the methyl groups in s-RNA. 

It was suggested almost twenty years ago that chemical carcinogens alter tran- 
siently the structure of nucleic acids." It was shown recently by Magee and 
larber' that alkylating carcinogens alkylate s-RNA even more than they do DNA. 
Moreover, these authors find that the pattern of alkylation by chemical carcinogens 
is aberrant: sites in RNA which are normally free of methyl groups are alkylated ; 
for example, 7-methyl guanine, a normally rare methylated base, abounds in the 
s-RNA of animals which had been exposed to methylating carcinogens. 

Some of the attributes of the RNA methylase point to the possibility that under 
certain conditions this enzyme system may be a natural carcinogen. 

The enzyme system is a complex of enzymes’ with varied substrate specificities 


and the system has species variation. An oncogenic virus could introduce methyl- 
ating enzymes foreign to the host. Such enzymes might then behave as alkylating 


carcinogens. 

Bergquist and Matthews'! have shown that some tumor tissues contain the high- 
est levels of methylated bases in s-RNA ever reported. However, changes in the 
patterns of methylating enzymes of tumor tissue would-be a more searching test of 
the hypothesis of RNA methylases as oncogenic agents. Such studies are in prog- 
ress in our laboratory. 


We are pleased to acknowledge the able assistance of Mrs. Louise Szybalsky in these experiments. 
We also wish to acknowledge gratefully the generous help of Drs. Thomas Staudt and H. Boyd 
Woodruff of Merck and Company, Rahway, N. J., for growing large quantities of bacteria for us. 


* This investigation was supported by a grant (-4671) from the National Institutes of Health, 
U.S. Public Health Service, by a contract (AT (30-1) 2358) from the U.S. Atomic Energy Com- 
mission, and by a grant (G-22140) from the National Science Foundation. 
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RIBONUCLEIC ACID POLYMERASE OF AZOTOBACTER 
VINELANDII, IT. FORMATION OF DNA-RNA HYBRIDS WITH 
SINGLE-STRANDED DNA AS PRIMER* 

By Rospert C. Warner, Herspert H. SAMUELS, Mircuet T. ABBorr, AND 
JOSEPH S. KRAKOW 
DEPARTMENT OF BIOCHEMISTRY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 


Communicated by Severo Ochoa, February 25, 1963 


RNA! polymerase, which catalyzes the DNA-dependent synthesis of RNA, 
is concerned with the transcription of the genetic message from DNA to RNA and 
is therefore a key enzyme in the expression of genetic information. For this reason 
the mode of action of the enzyme is of considerable interest. In producing com- 
plementary copies of primer DNA, the reaction might conceivably proceed by 
the intermediary formation of DNA-RNA hybrids. In contrast to free RNA such 
hybrids would be expected to be resistant to hydrolysis by a low concentration of 


RNAase.?:* In the case of the reaction primed by native DNA, Geiduschek, 
Nakamoto, and Weiss* have concluded that stable hybrid intermediates do not 
accumulate. The finding, (by a number of workers) that when native primer is used, 
most of the RNA is sensitive to RNAase is consistent with this conclusion. As 
previously reported®, heat-denatured, single-stranded DNA is a poorer primer of 
the enzyme than native DNA. On further examination it was found that the RNA 
synthesized with the former primer is markedly resistant to RNAase. Similar 
observations have recently been reported by Doerfler et al.6 These results suggest 
that stable DNA-RNA hybrids are formed under these conditions. Closer investi- 
gation with the use of sucrose and Cs.SO, gradient centrifugation, to be reported 
in this paper, has confirmed this suggestion. 

The formation of stable DNA-RNA hybrids, when heat-denatured DNA is 
used to prime RNA synthesis, may explain the reduced effectiveness of single- 
versus double-stranded DNA and provides support for the idea that, in the normal 
operation of RNA polymerase, a single RNA strand is made on the double-stranded 
DNA template without separation of the individual strands. 

Experimental Methods.—Materials and enzymatic assays: Labeled and unlabeled substrates, 
ealf thymus DNA, and Azotobacter RNA polymerase were the same as previously described.? 
RNAase and DNAase were purchased from Worthington Biochemical Corp., Freehold, N. J. 
The enzymatic reaction mixtures were the same as those given under assay A of the previous paper 
using 20 ug of primer and 15 wg of RNA polymerase with a specific activity of 150 myumoles C™'- 
AMP incorporated per mg of protein per min except where specifically noted. Azotobacter vine- 
landti DNA (s2,w = 228) was prepared from freshly grown cells by modifications of the methods 
described by Marmur® and was further purified by precipitation with cetyltrimethylammonium 
bromide.® Heated preparations of DNA were made by exposure for 5 min at an ionic strength 
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TABLE 1 
Syntuesis oF RNA wirn Native AND Heat-DeNAtTURED DNA PRIMER AND SUSCEPTIBILITY 
or Propuct TO RIBONUCLEASE 
Acid-insoluble Radioactivity after Incubation* 


Followed by Followed by heating } 
DNA primer Control RN Aaset and RN Aase 


Calf thymus, native 10,600 210 310 
Calf thymus, heat-denatured 1,700 1,000 90 


A. vinelandii, native 4,000 65 65 
A. vinelandii, heat-denatured 825 490 103 


~ 


*epm/50 ul reaction mixture. Samples contained C'+CTP (2.7 X 106 epm/umole) and nonlabeled ATP, 
GTP, and UTP. They were otherwise as previously described with addition of putrescine (final concentra- 
tion, 0.04 Vv); 80 ue RNA polymerase (specific activity 60); 400 wg primer. Final volume, 1 ml. Incubation 15 
mT 20 ws'/ml for 30 min at 37° in a 10-fold dilution of the reaction mixture containing 0.002 M Mg**. 

t 10 min at 100° followed by rapid cooling and RN Aase treatment. 
of 0.015 to 90° for calf thymus DNA and 100° for Azotobacter DNA. No cross contamination of 
native DNA in the heated samples and vice versa could be detected by Cs.SO, gradient centrifu- 
gation of a 30 wg sample. 

Density gradient centrifugation: The Spinco analytical ultracentrifuge was equipped with a 
monochromator. Photographs were taken at a wavelength of 265 my. The gradients were es- 
tablished using Cs»SOQ, at a density of 1.51 in a 1.0 em column at 44,770 rpm at 25°. Cs.S8O, 
was purified by the method of Wake and Baldwin” and the density distribution in the cell a 
equilibrium was calculated employing their data. Solutions were made to the initial density by 
adding a weighed quantity of Cs.SO, to the sample containing about 0.3 OD units measured a 
260 my and adjusting the density by direct determination with a 0.3 ml pycnometer. 

Other methods: Heating curves of absorbancy as a function of temperature were obtained as 
previously described.’ G-50 Sephadex was obtained from Pharmacia Fine Chemicals, Inc., 
Rochester, Minn. 

Results. —Susceptibility to RN Aase of RNA synthesized with native or heated DNA 
as primer: As shown in Table 1 the RNA synthesized with native DNA (from 
either calf thymus or A. vinelandii) as primer was susceptible to hydrolysis with pan- 
creatic RNAase. On the other hand, the product synthesized with heat-denatured, 
single-stranded primer was formed in lesser amount and showed considerable resist- 
ance to RNAase. As seen from the last column of the table, this product became 
RNAase-susceptible after heating, suggesting loss of secondary structure. In 
another series of experiments the incubated reaction mixtures were passed through a 
G-50 Sephadex column, previously equilibrated with 0.025 M Tris-HCl buffer, 
pH 7.6. This procedure was adopted in order to remove unreacted nucleotides and 
other compounds of low molecular weight. Under these conditions, the RNA 
synthesized in the presence of heat-denatured DNA as primer was found to be RNA- 
ase-sensitive. This result was due to the removal of Mg++ by the column since, 
after adjusting the effluent to 0.02 @ Mgt*, the RNA was RNAase-resistant and, 
as in the experiments of Table 1, was rendered RN Aase-sensitive by heating. 

Density gradient centrifugation: Investigation of reaction mixtures using heat- 
denatured A. vinelandii DNA as primer, by sucrose density gradient centrifugation"! 
in the Spinco preparative ultracentrifuge showed that while some of the acid- 
insoluble radioactivity sedimented slowly, a portion of the RNAase-resistant frac- 
tion sedimented at 22 S with the peak of nucleic acid and protein. This suggested 
the presence of a DNA-RNA hybrid species. However, the resolution of the zones 
in these gradients was poor and in further work Cs:SO, gradients in the analytical 
ultracentrifuge were used. Sephadex column effluents as mentioned above, free 
of low molecular UV-absorbing material, were utilized for these experiments. 
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The results of a typical experiment, 
illustrated in Figure 1, show that the 
band corresponding to the heat-dena- 
tured DNA used as primer (p = 1.451) 
was completely missing and was re- 
placed by a denser band (p = 1.490). 
The ineressed density of this band 
suggests that it corresponds to a hy- 
brid species containing both DNA and 
RNA. Further evidence for this view 
was provided by examination of the 
Cs.SO, banding patterns and acid-in- 
soluble radioactivity of Sephadex 
column effluents after the following 
treatments. RNAase after Mg** ad- 
dition resulted in retention of the band 
of p = 1.490 while only a small portion 
of the radioactivity was rendered acid- 
soluble. After heating, the band was 
replaced by a band with the density of 
the single-stranded DNA primer (p = 
1.451) while the acid-insoluble radioac- 
tivity was largely retained. The band 


was replaced by that of the DNA 


primer while the radioactivity was 
rendered almost completely acid-solu- 
ble after heating followed by RNAase 
treatment regardless of the presence 
or absence of Mg++. The band ob- 
served in Sephadex effluents in the 
absence of Mg++ had the same density 
as in the presence of Mg*+*, but disap- 
peared completely after treatment with 
RN Aase and was replaced by a band of 
the DNA primer. 

It has not been possible to produce 
sharp bands in Cs.SO, of the free RNA 
formed after heating the samples fol- 
lowing incubation of labeled nucleoside 
triphosphates with RNA polymerase in 
the presence of heat-denatured DNA as 
primer, although an increase in optical 
density was evident near the bottom 
of the cell. Reaction mixtures primed 
with native DNA showed a much larger 


concentration of RNA near the bottom but still not sharply banded. 
density estimated for the latter RNA was above 1.55. 


WARNER ET AL. 
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Fic. 1.—Banding of hybrids in a Cs.SO, 
density gradient. Analytrol densitometer trac- 
ings are shown at the same linear magnification 
as the photographs of the bands. Upper photo- 
graph and solid line tracing show the hybrid band 
(p = 1.490) in a gradient in which native calf 
thymus DNA (p = 1.425) was used as a marker. 
This was obtained from a reaction mixture in 
which heated calf thymus DNA was used as the 
srimer. The lower photograph and the dashed 
ine tracing show a gradient containing only the 
heated DNA used as a primer in the reaction 
mixture from which the hybrid preparation was 
obtained. Mean density of Cs,SO, in both cases 
was 1.51; column height in the cell, 1 em; and 
rpm, 44,770. 


The buoyant 
The poor banding of the 
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On the basis of sucrose den- 


RNA is probably a result of its low molecular weight. 
sity gradient determinations, its sedimentation coefficient was found to be near 8 S. 

The fact that the hybrid band was retained after treatment with RNAase, in 
the presence of Mg++, whereas some of the radioactivity was rendered acid-soluble, 
suggests that although most of the RNA is present as a DNA-RNA hybrid, some 


may be free RNA. 
not been precisely ascertained. 








259 mp 
b 


N wu 
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60 
Temperature °C 


Fig. 2.—Temperature transition 
curves of hybrid. Curve 1: relative 
absorbancy at 259 my (left-hand ordi- 
nate) as a function of temperature. 
Measurements were carried out on 
Sephadex effluents (no Mg ** added) of a 
reaction mixture, with heat-denatured 
calf thymus DNA as primer, incubated 
under the conditions of the standard 
RNA _ polymerase assay. Heating in 
Tris-HCl buffer, pH 7.6; ionic strength, 
0.1. Curve 2: same as curve 1 but with 
heat-denatured calf thymus DNA in- 
stead of Sephadex effluent. Curve 3: 
RNAase susceptibility of hybrid as a 
function of temperature. Measurements 
were carried out directly on aliquots of 
an incubated reaction mixture, similar to 
that of curve 1, with an estimated ionic 
strength of 0.15 and 0.02 M Mg**. 
Each aliquot was exposed to the indi- 
cated temperature for 15 min and cooled 
rapidly. Acid-insoluble radioactivity 
was determined before and after treat- 
ment with RNAase as in Table 1. The 
right hand ordinate shows the radio- 
activity per 50 ul of reaction mixture in 
cpm that remained precipitable by acid 
after RNAase treatment. The acid- 
insoluble radioactivity before RNAase 
was 1,370 epm. 


and RNA in the hybrid is shown by several lines of evidence. 
ant density in Cs.SO, is intermediate between that of DNA and RNA. 


The relative quantities of DNA and RNA in the hybrid have 
The total synthesis of RNA, determined from 


the incorporation of radioactivity from C'- 
labeled ribonucleoside triphosphates into acid- 
insoluble material, varied from 75 to 150% of 
the amount of primer used. Since some of 
this RNA is probably free, the hybrid may 
contain in general somewhat less RNA than 
DNA. 

Temperature-dependent — transitions: The 
presence of an organized secondary structure in 
nucleic acids is most readily detected by the 
occurrence of a sharp transition from helical to 
random coil configuration as the temperature 
is raised. Changes in properties of the hy- 
brid with temperature were investigated both 
spectrophotometrically and by determination 
of its susceptibility to RNAase. Curves dem- 
onstrating sharp transitions by both methods 
are shown in Figure 2. The transition tem- 
perature of about 77° observed in Sephadex 
effluents by the absorbancy change was about 
10° higher in another experiment (not shown 
in the figure) carried out in the presence of 
added Mg++ at 0.02 M concentration. This 
is inagreement with the transition observed by 
RN Aase sensitivity, an experiment which was 
conducted on the original incubation mixture 
containing 0.02 17 Mgt*. 

Discussion and Summary.—A DNA-RNA 
hybrid has been demonstrated to be formed 
during the synthesis of RNA by highly puri- 
fied A. vinelandii RNA polymerase when the 
reaction is primed by heat-denatured, single- 
stranded DNA. The presence of both DNA 
(1) The buoy- 
(2) The 


resistance of the hybrid band to RNdAase treatment is paralleled by similar 
resistance of the radioactivity from C'*-labeled ribonucleoside triphosphates in- 
corporated into acid-insoluble material to the same treatment. (3) Heating the 
solution results in the disappearance of the hybrid band and the appearance of a 
band due to single-stranded DNA. The latter was demonstrated to be DNA by 
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the density of the band and by its disappearance on treatment with DNAase.  Al- 
though there was no sharp banding of the released RNA, the acid-insoluble radio- 
activity became sensitive to RN Aase indicating that RNA was released from a com- 
plex by heating. The sharp temperature transitions observed suggest a double- 
stranded structure for the hybrid. 

Although heated DNA is a poorer primer than native DNA, net synthesis over 
the amount of primer added has been observed when using heated DNA. There 
are two possibilities that can account for this. (1) The single-stranded primer is 
used catalytically and the hybrid either dissociates to release free RNA or the RNA 
strand is displaced by the synthesis of another. (2) The hybrid, once formed, 
acts as a primer for further synthesis. The present data do not permit a distinction 
to be made between those possibilities. However, the stability of the hybrid and 
its accumulation in the reaction mixture give evidence that the strands of DNA are 
not separated in the reaction primed by native DNA. If strand separation oc- 
curred, one would expect hybrid of the type described here to accumulate in this 
case also. This is in agreement with the conclusions of Geiduschek et al.‘ In 
the absence of strand separation it is necessary that double-stranded primer be 
copied with equal probability from each end, producing an RNA strand comple- 
mentary to one DNA strand in one direction and to the other DNA strand in the 
other. This is necessitated by the demonstration that the RNA formed has a 
similar nearest neighbor frequency to the DNA primer!*: '* and by annealing ex- 
periments in which the RNA has been shown to contain strands complementary 
to each other’ and to the primer DNA.‘ A possible mechanism for guiding such 
copying process has been suggested by Zubay in his model B." Jn vivo, where the 
possibility exists that only one strand of the DNA is copied, there may be mecha- 
nisms for permitting the reaction to proceed in one direction only. 

The accumulation of stable hybrid in the reaction primed by single-stranded DNA 
provides an explanation for the results of Wood and Berg.'® These workers com- 
bined a protein-synthesizing system with RNA polymerase and found stimulation of 
amino acid incorporation except in the cases of heated T2 phage DNA and @X174 
DNA. It is evident that most of the RNA synthesized by these single-stranded 
DNA’s would be immobilized in the hybrid and would thus not be available to act 
as a messenger for amino acid incorporation. 


* This investigation was aided by grants from the National Science Foundation (NSF-G9621) 
and from the U.S. Public Health Service (GM-06967 and A-1845) and by a Public Health Service 
research career program award (GM-K3-14899) to RCW and a Public Health Service Postdoc- 
toral Fellowship to JSK. 

1 Abbreviations: RNA, ribonucleic acid; DNA, deoxyribonucleic acid; RNAase, pancreatic 
ribonuclease; DN Aase, pancreatic deoxyribonuclease; ATP, GTP, UTP, and CTP, 5’-triphos- 
phates of adenosine, guanosine, uridine, and cytidine; Tris, tris (hydroxymethyl) amino methane; 
cpm, counts per minute. 
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DISTINCT CISTRONS FOR THE TWO RIBOSOMAL RNA 
COMPONENTS* 
By S. A. YANKOFSKYT AND 8S. SPIEGELMAN 
DEPARTMENT OF MICROBIOLOGY, UNIVERSITY OF ILLINOIS, URBANA 
Communicated by T. M. Sonneborn, February 25, 1963 
Previous investigations’: * have established that EL. coli DNA contains sequences 
complementary to homologous ribosomal RNA. The proof depended on demon- 
strating the formation of specific RN Aase resistant complexes between labeled ribo- 
somal RNA and heat-denatured DNA. It was further shown, by the use of two 


identifying isotopic labels, that nonribosomal RNA from the same organism does 
not compete for the DNA sites complementary to ribosomal RNA. 


All of these experiments were carried out with the 238 ribosomal RNA and they 
left unanswered the relation of these findings to the 168 RNA component. The 
similarity in base composition*: ‘ and the fact that the molecular weights? of the 23S 
and 16S are almost in the relation of 2:1 suggest the possibility of a common ori- 
gin, the 23S being perhaps a dimer of the 16S RNA. Definitive evidence on whether 
they do, in fact, derive from the same sequence can be readily obtained with the hy- 
bridizing technique of Hall and Spiegelman® as modified in the ribosomal RNA in- 


vestigations! 2 cited. 

The following sorts of information are pertinent to a resolution. (a) Saturation 
plateaus: If the 168 and 23S are derived from the same sequence, the RNA/DNA 
ratio found in the hybrid at saturation should be the same for each RNA. (b) 
Additivity: At the saturation RNA/DNA ratio of either, the addition of the other 
should lead to no further complex formation if they are derived from the same se- 
quences. If the sequences of origin are different, additional hybrids should be ob- 
served. (c) Competitive interaction: By the use of two identifying isotopic labels 
the presence or absence of competition during hybridization can be established. 
Absence of competitive interaction would indicate distinct sequences and its exist- 
ence would argue for identity. 

The present paper describes experiments which provide the data necessary for 
a decision. To alleviate somewhat the current monotony of molecular biology 
and to extend our understanding of these matters beyond FL. coli, the experiments to 
be described were performed with B. megatertum. ‘The results indicate that the 
sequences of the 235 and 168 RNA components are dissimilar. They must there- 
fore possess different genetic origins. 
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Materials and Methods.—(a) Bacterial strain: Strain 219, a pyrimidine-requiring derivative of 
KM isolated by the technique of Mangalo and Wachsman’ * was kindly provided by Dr. J. T. 
Wachsman. 

(b) Media: A basal medium? supplemented with 10 to 30 ug/ml uridine was generally used. 
For P** incorporation experiments, the phosphate concentration was reduced from 0.024 M to 
0.0012 M and 0.05 M Tris (pH 7.3) added for buffering. 

(c) Preparation of cells: Cells suspended in basal medium supplemented with 20-30 pg/ml 


in uridine were shaken overnight at 37°C, harvested, and resuspended at an O.D.¢ of 0.200 in 
fresh medium containing 14 yg/ml uridine. When they attained an O.D.¢6 of 0.400, the cultures 
were harvested, washed, and resuspended in basal medium to an O.D.¢ of about 1.000 for use as 
inocula in incorporation experiments. 

(d) Steady state isotope incorporation: (1) H*-uridine: Log phase cells, prepared as described, 
were suspended in basal medium to an O.D.¢¢ of 0.035 and shaken at 37°C for 15 min. Then 10.3 
ug/ml of H*-uridine (New England Nuclear Corp., 3.0 me/mM_) was added and the culture shaken 
at 37°C until growth stopped at an O.D.s of 0.240. The culture was harvested, washed, and re- 
suspended in twice the original volume of basal medium containing 90 ug/ml of unlabeled uridine. 
The cells were incubated with aeration at 37°C for 0.8 generations to eliminate H* counts from 
the unstable RNA fraction, then harvested. (2) P**-orthophosphate: Pyrophosphate-free, neu- 
tralized P**-orthophosphate was added (630 we/ml) to log phase cells at an O.D.¢¢ of 0.07 in basal 
medium, containing 0.0012 M phosphate, and incorporation continued until an O.D.¢ of 0.400 
was reached. The culture was then ‘‘chased’’ for one generation in a medium adjusted to 0.024 
M in nonradioactive phosphate. 

(e) Conversion to spheroplasts: Log-phase cells were suspended to an O.D.¢¢ of about 1.2 in a 
medium consisting of 0.04 M Tris, pH 7.3 — 0.002 M MgSO, — 0.3 M sucrose, and equilibrated 
to 37°C. Armour’s lysozyme (200 pg/ml) was added and conversion to spheroplasts followed with a 
phase-contrast microscope. Conversion was virtually complete within 15 min. The spheroplasts 
were harvested, then washed once in the above medium. 

(f) Lysis and bulk RNA extraction: Washed spheroplast pellets were lysed by resuspension in 
0.01 M Tris, pH 7.3 — 0.005 M MgCl, (TM) buffer containing lysozyme (200 ug/ml) and 25 
ug/ml of DNAase (Worthington Biochemical). The lysate was then subjected to three freeze- 
thaw cycles and total cellular RNA was isolated and purified, all as detailed by Hayashi and 
Spiegelman.’ 

(g) Purification of ribosomal RNA subclasses: The two ribosomal RNA components were 
separated from each other by repeated chromatography on methylated-albumin-kieselguhr 
(MAK) columns prepared according to Mandell and Hershey.” All buffers used during chromatog- 
raphy contained 0.025 M NaH,PO, — 0.025 M Na,HPO, — pH 6.9. RNA preparations were 
loaded at 50 ug/ml or less, and elution accomplished with linear NaCl gradients ranging from 0.6 
M to 1.25 M NaCl. The total eluting volume was from 320 to 380 ml, and 5 to7 ml fractions 
were collected. The resulting purified RNA fractions were pooled and concentrated to about 
50 ug/ml as follows: the ionic strength of the solvent was first changed to 0.01 M Tris, pH 
7.3 — 0.002 M MgCl. — 0.02 M NaCl by dialyzing against at least 100 volumes of this buffer 
for about 15 hr with two buffer changes. The preparations were next reduced to the appropriate 
volume in a flash-evaporator at reduced pressure. The sample flask was held at 28°C and the 
collecting flask at 0°C. Concentrated RNA preparations were finally dialyzed against TMS 
buffer (0.01 M Tris, pH 7.3 — 0.001 M MgCl, — 0.3 M NaCl). 

(h) Sucrose gradient analysis: The size distribution of RNA preparations was routinely deter- 
mined by centrifugation through linear sucrose density gradients.” ! 

(i) DNA isolation: DNA was extracted and purified from spheroplasts and heat-denatured 
as previously described for E. coli.!| Heat-denatured preparations will be designated by 1XDNA. 

(j) DNA sedimentation velocity analysis: Sedimentation coefficients were determined in the 
Spinco E analytical ultracentrifuge using UV optics. Runs were performed at 25 ug/ml accord- 
ing to the procedure of Marmur.'? Observed sedimentation coefficients were corrected to 20°C. 
No other corrections were applied. Molecular weights were estimated from the measured Sx» 
using the empirical relationship of Doty, McGill, and Rice.'* 

(k) DNA-RNA hybridization: All experiments described were performed with a heat-de- 
natured DNA derived from a native preparation that had an Szo of 21.8 and an estimated molec- 
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ular weight of 7.3 X 108% DNA from B. megatertum undergoes renaturation rather readily; 
hence, the slow cool from higher temperatures employed in the earlier studies’ *® was avoided. 
Hybridizations were always performed by incubation at 41°-48°C. 

Mixtures of IXDNA at 50 ug/ml and labeled RNA at various concentrations in 0.7 ml of TMS 
buffer were incubated at 41°-43°C for 12 to 16 hr. Saturated CsCl was added to a final volume 
of about 3 ml and a density of 1.72. Centrifugation was carried out for 70 hr at 33,000 rpm in an 
SW 39 rotor of the Model L Spinco ultracentrifuge at a rotor temperature of 25°C. Fractions 
were collected from the bottom of the tube. Procedures for examining the DNA density region 
for RN Aase resistant radioactivity on millipore membranes in a liquid scintillation spectrometer 
have been detailed by Yankofsky and Spiegelman. 


Results.—Purification of ribosomal RNA_ subclasses: Separation of labeled 168 
and 238 RNA components was achieved by repeated chromatography on MAK 
columns. The purification was monitored by centrifugation in sucrose linear 
density gradients with unlabeled bulk RNA of F. coli added as size markers. The 
degree of cross contamination is readily determined by comparison of the radio- 
activity and O.D..¢ profiles. 

An example of bulk B. megatertum RNA separation on a MAI column is shown 
in Figure 1. The profile is similar to those obtained in this laboratory with F. coli 
RNA preparations' except that the 168 region appears to be partially resolved into 


two components. 


Fic. 1.—Chromatographic separation 
of bulk RNA. B. megaterium RNA 
was uniformly labeled with H*-uridine 
asin Methods. The column was equil- 
ibrated at 0.66 M NaCl; the RNA 
loaded at 50 ug/ml in 0.66 Wo NaCl and 
eluted with a 360 ml linear gradient run- 
ning from 0.66 VM to 1.25 M NaCl. 5 
ml fractions collected. 


30 40 
TUBE NUMBER 


The 238 RNA region, indicated by the arrows in Figure 1, was chromatographed 
repeatedly, and the profile on the fourth column is shown in Figure 2A. Here, the 
arrows denote the region pooled and concentrated for experimental use, and Figure 
2B shows its size distribution in a sucrose gradient. As can be seen, the purified 
labeled component is virtually confined to the 23S region of the carrier bulk RNA 


added. 

The 16S component of Figure 1 was similarly treated, and Figure 3A shows a 
representative profileon MAK. Again, the arrows indicate the region pooled, con- 
centrated, and analyzed for size. Figure 3B shows the size distribution of this re- 
gion compared to that of F. coli marker RNA. Although of interest, the abnor- 
mality seen in the 16S profile both in Figure 1 and Figure 3A is not directly pertinent 
to the present investigation and its discussion will be deferred for a subsequent pub- 
lication. Comparison of 3A and 3B indicates that the asymmetry observed is not 
due to significant contamination with 238 RNA. All preparations employed in the 
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Fic. 2A.—MAK column: Chromatographic 

(al € profile after the fourth chromatography of the 23S 

region shown by the arrows in Figure 1. The 

NoC! MOLARITY column was equilibrated at 0.68 M NaCl; 600 

wg RNA loaded at 50 ug/ml in 0.68 M NaCl 

and eluted with a 320 ml linear gradient from 
0.72 to 1.22 M NaCl. 

Fig. 2B.—Sucrose density gradient centrif- 
ugation. An aliquot (0.5 yg RNA, 60,000 
cpm) of the pooled tubes indicated by the 
arrows in (A) was used. 0.6 mg E. coli bulk 
RNA added as O.D. marker. 1.2 ml fractions 
collected and 0.3 ml samples from each tube 
plated for radioactive counts. The O.D. pro- 
file identified the known components in the 
added carrier material. The first major peak 
on the left is the 238, the second the 168, and 
-* the last corresponds to the 48 component. 

TUBE NUMBER 


present study were examined before use in sucrose gradients for cross contamination 
or evidence of breakdown. Samples showing evidence of either were discarded. 

We now consider the details of the three types of experiments which can illumi- 
nate the origins of the 168 and 238 RNA components. 

(1) Saturation plateaus: The proportion of RNAase resistant hybrid formed by 
incubating a fixed amount of 1XDNA with increasing amounts of each ribosomal 
RNA component are shown in Figure 4. The 238 RNA reaches a plateau when ap- 
proximately 0.18°) of the DNA is occupied, while about 0.149% of the DNA is 
capable of complexing with 168 RNA. In six repetitions, mean values of 0.179 
+ 0.0072 and 0.136 + 0.014 were obtained for the respective saturation values of 
238 and 168 RNA. The fact that the saturation plateaus for the two are different 
supports the conclusion that the two types of RNA have different origins. 

(2) Additivity: It will be noted from Figure 4 that for 50 weg DNA, saturation 
for the 238 RNA is achieved at 3 ug/ml, and 2 ug/ml saturates for the 168 
component. We now inquire whether the addition of both at saturating levels to 
the same reaction mixture increases the amount of complex observed, and, if so, to 
what extent. The results of such an experiment are presented in Table 1. Addi- 
tion of the values obtained when saturating amounts of each RNA subclass is com- 
plexed alone (mixture t + mixture 2) indicates that 0.303 per cent of the DNA would 
be hybridized. The amount of complex formed when both are incubated together 
(mixture 3) is within 4 per cent of this value. These results are difficult to reconcile 


Fig. 34.—MAK column:  Chroma- 
tographic profile of B. megaterium 168 
RNA (steady state P** label) after third 
chromatography. Column equilibrated at 
0.6 M NaCl; 760 we RNA loaded at 50 
ug/ml in 0.6 M NaCl and eluted with a 
340 ml linear gradient from 0.6 MV to 1.2 M 
NaCl. 

Fig. 3B.—Sucrose density gradient cen- 
trifugation: Analysis of an aliquot (0.5 yg 
of RN A, 80,000 cpm) from the pooled tubes 
shown under the arrows in(A). 0.6 mg E. 
coli bulk RNA added as O.D. marker. 
All other details as in Figure 2B. 


1°) 
TUBE NUMBER 
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Fic. 5.—Com petitive interaction: 
Tests for competitive interactions 
between mixtures of 23S-H*-RNA 
and 16S8-P*-RN A from B. mega- 
terium complexed with homologous 
heat-denatured DNA. All mix- 
tures contain 50 ug/ml DNA, 3 


Fig. $.—Saturation pla 
teaus: Saturation curves of B. 
megatertum 16S and 23S RNA 
hybridized with 50 pg/ml B. 
meqateriumheat-denatured 
DNA. Each point represents 


RN Aase resistant counts found 
in the DNA region after CsCl 
equilibrium density gradient 
centrifugation. Annealing and 
analytical procedures as de- 
scribed under Methods. 


ug/ml purified 23S-H*RNA (see 
Fig. 2) and the indicated concen- 
trations of puriiied 168-P®*-RNA 
(see Fig. 3). Annealing and ana- 
lytical procedures as described un- 
der Methods. 


with a common origin and are clearly consistent with the existence of distinct com- 
plementary regions. We come now to the final available experimental test. 

(3) Competitive interaction: Increasing amounts of P*?-labeled 168 RNA were 
incubated in three tubes, each containing 50 ug of IXDNA and H*-labeled 238 
RNA at its saturation level (3.0 ug). Because of the identifying isotopic labels, 
it was possible to determine independently the per cent hybrid formed by each of the 
two ribosomal RNA size classes in the three mixtures. From the data shown in 
Figure 5 it is evident that the addition of the P**-1685 RNA results in no significant 
displacement of H8-238 RNA. Furthermore, as more 168 RNA is added, the total 
hybrid approaches a level of saturation near that expected for the sum of the two 
subclasses incubated alone. There is no evidence of competition between the two 
ribosomal RNA subclasses for common DNA sites. 

Discussion.—In previous studies! ? we have shown that specific complexes are 
formed between homologous ribosomal RNA and DNA in bacterial species having 
intermediate (52%) and high (64%) contents of guanosine-cytosine (GC) in their 
DNA. The present study establishes a similar sequence complementarity in 
B. megaterium which has a low (38%) GC content. The fact that ribosomal RNA 


TABLE 1 
Test FoR ADDITIVITY DURING HYBRIDIZATION AT SATURATION LEVELS OF 168 AND 238 RNA 
RN Aase resistant hybrid 
uz RNA fixed/100 ug DNA 
0.186 
0.117 


Sum = 0.303 


Contents 


1 50 ug/ml IXDNA + 3.06 ug/ml 238 RNA 
2 50 ug/ml IXDNA + 2.21 pg/ml 168 RNA 


Mixture 


0.291 


The addition mixture (3) contained the same DNA and RNA preparations as the control mixtures (1 and 2). 
All three mixtures were annealed under identical conditions, centrifuged together, and the raw hybrids tested 
for RNAase resistance with the same enzyme preparation. Details of annealing and analytical procedures are 


given in Methods. 


3 50 ug/ml IXDNA + 3.06 pg/ml 238 RNA + 2.21 pg/ml 168 
NA 
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complementarity to DNA obtains in organisms of diverse DNA composition, lends 


credence to its generality. 

These findings raise rather forcibly an interesting problem. The base composi- 
tion of ribosomal RNA shows virtually no correlation with that of homologous 
DNA." © Evidently the ribosomal RNA cistrons have been kept within narrow 
limits while the rest of the genome has undergone the widest variation in base 
composition permissible within a triplet coding mechanism. The specification of 
the selective mechanism which can produce this remarkable outcome poses an 
interesting problem for experimental resolution. 

Sequence complementarity has previously been shown for the unstable messen- 
ger RNA,® transfer RNA," and 238 RNA.':? The present study demonstrates 
that it also holds for 165 RNA. Thus, the synthesis of all known cellular RNA com- 
ponents can be explained in terms of a DNA mediated reaction. 

The present study had as its primary purpose to provide evidence which could 
decide whether the 168 and 238 ribosomal components are derived from the same 
or different complementary DNA sequences. The experiments reported indicate 
a difference in saturation plateaus, additivity of hybrid formation at saturation 
levels of each type, and absence of competitive interaction during hybrid formation. 
These findings are difficult to reconcile with a common sequence. They provide 
consistent evidence for distinct cistronic origins. 

The further analysis into the nature of ribosomal RNA will require an examina- 
tion for heterogeneity within each class. We have already pointed out!: * that the 
level (0.2%) at which DNA is saturated by hybridizing with homologous 238 RNA 
would suggest that /. coli contains about 10 complementary cistrons for this com- 
ponent. The data presented here would suggest that 0.189% of B. megaterium 
DNA is complementary to its 238 ribosomal RNA and 0.14% to its 168 compo- 
nent. On the basis of the DNA content per ‘‘nuclear body’’!’ one would estimate 
that the DNA contains approximately 35 stretches complementary to 238 RNA and 
45 complementary to the 168 component. The significance of this apparent re- 
dundancy may be related to the rather large number of strands required for a full 
ribosomal complement which constitutes 85 per cent of the total cellular RNA. 
However, the existence of multiple copies in the genome provides a possibility for 
variation. It is of no little interest to determine whether this potentiality was 
exploited. It is evident that the use of column fractionation and competition ex- 
periments with identifying labels should provide data pertinent to this problem. 

Summary.—The experiments reported were designed to decide whether the 
16S and 238 ribosomal RNA components are derived from the same or different com- 
plementary sequences in the DNA. Specific hybrid formation, coupled with iso- 
topic labeling was employed as the analytical device. The data establish that (a) 
the maximal amount of RNA which can hybridize per unit of DNA is different for 
the two; (b) at saturation concentrations of each, the amount of hybrid formed is 
additive when 168 and 238 RNA are both present; (c) no evidence of competitive 
interaction between the two for the same sites can be detected. All these findings 
are difficult to reconcile with a common origin. We conclude that 16S and 238 
ribosomal RNA are derived from DNA sequences unique to each. 

' * This investigation was aided by grants-in-aid from the U.S. Public Health Service and the 
National Science Foundation. 
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THE RELATIONSHIP BETWEEN RNA SYNTHESIS AND LOOP 
STRUCTURE IN LAMPBRUSH CHROMOSOM ES* 


By Mirsvo Izawa, V. G. ALLFREY, AND A. E. Mirsky 
THE ROCKEFELLER INSTITUTE 
Communicated January 31, 1963 


The experiments to be described are concerned with the relationship between 


strueture and activity in the chromosomes of higher organisms, selecting, in par- 
ticular, the giant ‘lampbrush” chromosomes of amphibian oécytes. Ribonucleic 
acid synthesis in these chromosomes has already been shown by Gall and Callan! 
to occur on DNA-containing “loops” which project laterally from many sites 
along the chromosome axis. In the present paper, this chromosomal RNA syn- 
thesis is shown to be DNA-dependent, as judged by its sensitivity to Actinomycin 
D, and chromosomal structure is found to be intimately related to the capacity 


to synthesize RNA, as evidenced by changes in ‘“‘loop”’ morphology induced by dif- 
ferent actinomycins and by other agents, such as histones, which can also inhibit 
nuclear RNA synthesis.?: * 

Materials and Methods.—The “lampbrush”’ chromosomes which appear and increase in size in 
the course of meiosis seem especially well-suited for studies of chromosome function. At the 
diplotene stage, they remain enlarged and active for long periods while the odcyte continues its 
maturation and growth. Lampbrush chromosomes of the newt, 7'riturus viridescens, were selected 
for study because of their great size and characteristic loop morphology, which facilitate observa- 
tion and autoradiography, and because the intense synthetic activity of the nucleus at this stage in 
odcyte development allows a measure of chromosome function based on the incorporation of radio- 
active amino acids into protein and of isotopically labeled purine and pyrimidine compounds into 
RNA. 

For full accounts of the structure of lampbrush chromosomes, the reader is referred to E. B. 
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Wilson’s text‘ and to more recent reviews,®~ especially to the superb memoir of Callan and Lloyd.* 
The essentials of structure relevant to these experiments can be summarized briefly as follows: 
at this stage in meiosis, each chromosome consists of two homologues of enormous length (400 
700 u!*), joined at numerous bridges or chiasmata. A typical view is shown in Figure 14. Each 
homologue has hundreds of loops which extend laterally, in pairs, from dense areas (centromeres ) 
on the main chromosomal axis (Fig. 18). These structural features are readily observable in the 
ordinary light microscope using freshly dissected, 
unfixed specimens (as shown by the pioneering 
work of Duryee®), but observations are much im- 
proved by the use of an inverted microscope with 
phase-optics (introduced by Gall®) and by employ- 
ing the suspension media developed by Callan.* 
The morphology of the loops at different sites 
differs sufficiently to allow their use for chromo- 
some identification.’ Each loop has a definite 
polarity, being thin where it leaves the main 
chromosomal axis and thick where it rejoins the 
centromere. Both the loops and the centromeres 
contain DNA, as indicated by their destruction 
upon exposure to deoxyribonuclease."” The loops 
also contain RNA.!! 2 An important aspect of 
the structure is the inverse relationship between 
the length of the loops and the size of the cen- 
tromeres from which they arise*; this is consist- 
ent with the view that the loops represent an un- 
coiling of the tightly wound chromatid at the 
centromere. 
That loop formation is a sign of chromosomal 
activity is indicated by loop regression after the 
odcyte reaches its full size, and by autoradio- 
graphie evidence that the majority of the loops 
rapidly incorporate H®* uridine into ribonucleic 
acid.! The experiments now to be described indi- 
cate that the synthesis of RNA on the chromo- 
someis mediated by a DNA “primer,”’ presumably 
through the activity of an RN A-polymerase simi- 
lar to those described in other cell types by 
Weiss,'* Hurwitz ef al.,'* Stevens," and Rho and 
Bonner. 
Odcytes of the newt, Triturus viridescens, rang- 
ing in diameter from 0.9 to 1.2 mm were selected 
as corresponding to the “lampbrush’’ stage of 
chromosome development.’ The chromosomes 
were isolated by microdissection as recommended 
by Gall® ! and by Callan and Lloyd.’ The nu- - = 
: ‘ deg = 3 : Fie. 1.—Lampbrush chromosomes of Tri- 
cleoplasm was dispersed in Callan’s solution C’ — gyrus piridescens, unfixed: (A) low power 
and the chromosomes were photographed under view showing homologues joined at chias- 
a Zeiss (‘‘plankton’’) microscope with inverted mata, (B) higher magnification showing the 
optics. 8 9 os eo laterally from the main chro- 
The effects of the actinomycins on chromosome pili i caus 
structure were determined using both intact odcytes and isolated chromosomes. Actinomycin 
D and N-8-aminoethyl-Actinomycin C; were the generous gift of Dr. Edward Reich of the Rocke- 
feller Institute. In whole egg experiments, these reagents were dissolved in 0.1 1 NaCl-0.01 
M “‘tris’’ (HCl) at pH 7.0 and the odcytes exposed for periods ranging from 2 to 12 hr at 20°- 
22°C. After incubation the chromosomes were isolated and photographed. In testing the effects 
of the actinomycins on free chromosomes, the isolation was first carried out as described above, 
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and the chromosomes were then immersed in a small volume (0.25 ml) of actinomycin solution in 
a cylindrical wellin a microscope slide. After periods ranging from 2 to 90 min, the chromosomes 
were photographed. 

Similar techniques were applied in studying the effects of the histones and of polylysine on 
chromosome structure. The arginine-rich and lysine-rich histones were prepared from calf 
thymus by the method of Johns and Butler,’ with the exception that we began with isolated 
nuclei rather than whole tissue. 

In studies of RNA synthesis, H* uridine (0.9 c/mmol), H* adenosine (2 ¢/mmol) and Hé 
cytidine (1.5 e¢/mmol) (Schwartz) were used as markers, and the incorporation was allowed to 
proceed in isolated odcytes for 1.5, 3, and 6 hr at 20°-22°C. The chromosomes were subsequently 
isolated for autoradiography. When the actinomycins were tested, the eggs were preincubated for 
5 br at 20°-22° in 0.1 M NaCl-0.01 M ‘‘tris’’ at pH 7.0, containing 10 wg Actinomycin D (or 
N-8-aminoethyl Actinomycin C;) per ml. After preincubation, the eggs were transferred to an 
Actinomycin-free medium containing 500 we/ml Hé uridine. Incubation was continued for 6 hr. 
Controls were preincubated in the saline-buffer without added actinomycin. 

Localization of the isotope in RNA was tested using ribonuclease and deoxyribonuclease. After 
isolation of the radioactive chromosomes, some were immersed in 0.1 4 NaCl-0.01 M “‘tris,’’ 
pH 7.6, containing 0.4 mg/ml pancreatic ribonuclease (Worthington) and incubated for 2 hr at 37°. 
Other chromosomes were treated with deoxyribonuclease under the same conditions, or incubated 
in buffer alone. Following treatment, the chromosomes were prepared for autoradiography. 

In studies of DNA synthesis, H* thymidine (6 ¢/mmol) was injected into whole animals. 300 
uc, dissolved in 0.2 ml 0.1 MW NaCl-0.01 M ‘tris,’ pH 7.0, was injected into the coelomic cavity. 
Five to fifteen days later, o6cytes were collected and the chromosomes prepared for autoradiog- 
raphy as described below. 

Autoradiography of the isolated chromosomes following tritium-labeling experiments was 
carried out as recommended by Gall and Callan.! 

Effect of Actinomycin D on Chromosomal RNA Synthesis.—In previous experi- 
ments on RNA synthesis in lampbrush chromosomes,' the isotopic precursor was 
injected into the whole animal. We have studied the process in isolated oécytes, 
incubating them in vitro in the presence of tritiated uridine, cytidine, or adenosine, 
and then measuring the uptake in the isolated chromosomes by autoradiography. 

These RNA precursors are readily incorporated in the in vitro system; increasing 
amounts of tritium are found in the chromosomes at 1.5, 3, and 6 hr incubation. 
Both the loops and the main chromosomal axis are labeled and grains are also ob- 
served over the nucleoli. In some chromosomal preparations, labeling is very 
intense along the main chromosomal axis, as shown in Figure 2. Virtually all of 
the isotope is removed from the loops and the axis by digestion with ribonuclease. 
DNase has no effect. 

When Actinomycin D (Fig. 44) is added to the suspension medium, the odcytes 
lose the ability subsequently to incorporate tritiated uridine into RNA.  Pre- 
exposure to Actinomycin D (at a concentration of 10 ug/ml) for 5 hr at 20° com- 
pletely blocks RNA synthesis. No grains are seen over the chromosomes, nor is 
any labeling evident in the nucleoli. 

Since Actinomycin D blocks RNA synthesis by selectively combining with the 
“primer”? DNAs needed for the RNA polymerase reaction,'~* it can be concluded 
that virtually all RNA synthesis in the lampbrush chromosome is DNA-dependent. 
The failure to observe grains over the nucleoli as well indicates that nucleolar RNA 
synthesis is also DNA-dependent. These findings are in accord with earlier experi- 
ments on isolated thymus nuclei?! and on mammalian cells in tissue culture. '® 

Effects of Different Actinomycins on Lampbrush Chromosome Structure.—The 
effects of Actinomycin D on chromosome structure were investigated using both in- 
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Fic. 2.—Autoradio- 
graph of —lampbrush 
chromosomes containing 
tritium-labeled RNA. 
The chromosomes were 
isolated from odcytes pre- 
viously incubated in vitro 
with H®? uridine. 


tact odcytes and isolated chromosomes. F’ree o6cytes were exposed to 10 ug Actino- 
mycin D per ml for periods ranging from 2 to 12 hr (an exposure sufficient to block 
RNA synthesis in the intact cell). The effects on chromosome morphology are 
striking; the characteristic loops disappear, although the main chromosomal axis 
remains intact. Presumably, the disappearance of the loops indicates their re- 
traction into the chromosome. 

The same effects can be seen in isolated chromosomes. With these, disappearance 
of the loops on exposure to Actinomycin D is very rapid; within 10 min the loops 
are gone from chromosomes immersed in Callan’s Medium C® containing 2 ug/ml 
of the antibiotic. Compare the Actinomycin D-treated chromosomes in Figure 
3A with the control chromosomes in Figure 1B. 

Did this change in chromosomal morphology result simply from the combination 
between DNA and Actinomycin D, or did it follow as a result of the inhibition of 
RNA synthesis? 

Iixperiments with a modified actinomycin support the latter interpretation. 
The compound used was N-8-aminoethyl Actinomycin C3, which does not effec- 
tively inhibit RNA synthesis although it does combine with DNA.*? _ Its structure 


Fic. 3. —Effects of different actinomycins on chromosome structure. (A) View of lampbrush 
chromosomes after exposure to Actinomycin D (2 ug/ml) for 20 min at 16°C. Note disappearance 
of the loops. (B) View of chromosomes after 90 min incubation with 2 ug/ml N-8-aminoethyl- 
Actinomycin C;. Note retention of the chromosomal loops. 
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Fic. 4.—(A) Chemical formula of Actinomycin D. (B) Formula of N-6-aminoethyl-Actinomycin Cs. 


is shown in Figure 4B. Lampbrush chromosomes exposed to 2 pg/ml of this 
“inactive” actinomycin did not lose their loops even after 1 or 2 hr incubation, 
nor was any effect seen at higher concentrations (10 ug/ml). Compare Figure 3 
B with Figure 3A. 

In one experiment it could be shown that the modified actinomycin did combine 
with the chromosomal DNA because it protected isolated chromosomes against 
loop loss on subsequent attack by Actinomycin D. This protective effect is diffi- 
cult to obtain regularly and has not vet been observed in intact odcytes. 

Since it is very likely that DNA binding by the modified Actinomycin C; does oc- 
cur,”? it is of interest that RNA synthesis is not inhibited and loop retraction did 
not occur. When Actinomycin D blocks RNA synthesis, the loops disappear. 

The results strongly suggest that the existence of the loops is directly dependent 
on the continuing function of the chromosome, specifically in regard to RNA syn- 
thesis. This viewpoint is supported by three other lines of experimental evidence: 
(a) Loop formation does not depend on a continuing synthesis of DNA, since these 
chromosomes are not in the stage of DNA synthesis. (Thus, no incorporation of 
H* thymidine into lampbrush chromosomes has been observed, following injection 
of the whole animal with 300 ye of the DNA precursor, even after 5-15 days.) 
(b) The loops are not affected by other antibiotics, such as puromycin, which spe- 
cifically block protein synthesis. (c) Other inhibitors of nuclear RNA synthesis, 
such as the arginine-rich histones, do cause immediate retraction of the loops. The 
latter two experiments are presented in more detail below. 

Effects of Puromycin on Chromosomal Protein Synthesis.—Isolated Triturus o6cytes 
rapidly incorporate radioactive amino acids into their proteins, and the synthesis 
of proteins along the chromosomes is evident in autoradiographs. Figure 5A shows 
tritium labeling of the chromosomes after incubating whole cells for 6 hr at 20° 
with H* leucine. Grains are found over the loops and along the main chromosomal 
axis. As in other systems,”* the uptake of radioactive amino acids into chromo- 
somal proteins is effectively blocked by puromycin (50 wg/ml). Although protein 
synthesis in the loops is stopped by this antibiotic, puromycin does not destroy the 
loop structure as does Actinomycin D. Retention of the loops in puromycin-treated 
chromosomes (50 wg per ml for 30 min) is shown in Figure 5B. (Compare with 
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Fic. 5.—{A) Autoradiograph showing intense labeling of chromosomal proteins after 6-hr 
incubation of isolated oécytes in the presence of H* leucine. (2.8 ¢/mmol; 500 we per ml). (B) 
View of isolated lampbrush chromosomes exposed to puromycin hydrochloride (50 pg/ml) for 30, 
min at 16°C. Note retention of the loops, despite inhibition of protein synthesis. 


the control chromosomes in Figure 1B and with Actinomycin D-treated chromo- 
somes in Figure 3A.) 

Effects of Different Histones and Polylysine on Chromosome Structure.—It has been 
shown previously that the addition of thymus histones to isolated nuclei inhibits 
RNA synthesis,**:* and that histone-DNA complexes fail to act as “primers’’ 
for the RNA-polymerase reaction.* 

The total histones of the thymus can be fractionated to yield arginine-rich and 
lysine-rich components.’ We have shown that the arginine-rich histones are po- 
tent inhibitors of RNA synthesis, while the lysine-rich histones are weakly inhibi- 
tory or ineffectual.? For this reason, the effects of these different histone fractions 
were compared, observing changes in loop morphology in lampbrush chromosomes. 
As expected, the arginine-rich histones caused retraction of the loops; within 3 
min all of the loops had disappeared from chromosomes exposed to 0.15 mg arginine- 
rich histone per ml (Fig. 6A). The lysine-rich fraction did not effect a comparable 
change in chromosome morphology. Even after 15 min, more than half of the loops 
remain on chromosomes exposed to 0.15 mg lysine-rich histone per ml (lig. 6B). 

In agreement with the earlier finding that polylysine itself is a potent inhibitor of 
nuclear RNA synthesis,? both poly-L-lysine and poly-D-lysine cause the loops to 
disappear from isolated chromosomes. Figure 6C shows the chromosomes after 
a 2 min exposure to 0.15 mg poly-L-lysine per ml. 

Ribonuclease also causes the loops to disappear from unfixed chromosomes. 

The complete correlation between the effects of these inhibitors of RNA synthesis 
on chromosome structure and the earlier results with the actinomycins strongly 
support the conclusion that the morphology of an active chromosomal site is not only 
closely related to its functional role in RNA synthesis, but is dependent upon it. 

Although the lampbrush chromosome is an extreme example of chromosomal ac- 
tivity and development (for example, the RNA/DNA ratio is 10 or more, unlike 
most chromosomes where DNA predominates), one may suggest that the looping 
out of ‘primer’? DNA, on a smaller seale, is a general phenomenon, and that chro- 
mosomal regions active in RNA synthesis may be “puffed” or extended, not only 
to allow their function, but because of it. 

Summary.—Ribonueleic acid synthesis in lampbrush chromosomes occurs on loops 
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Fic. 6. —Effects of different histones and 
polylysine on chromosome structure. (1) 
View of isolated chromosomes exposed for 3 
min at 16° to 0.15 mg/ml arginine-rich histone 
fraction from calf thymus nuclei. Note dis- 
appearance of the loops. (8B) Lampbrush 
chromosomes after 15 min exposure to lysine- 
rich histone fraction (0.15 mg/ml). Note that 
loops are still present. (() View of chromo- 
somes exposed to poly-L-lysine (0.15 mg/ml) 
for 2 min at 16°. Note extensive loop loss. 


which project from the main axis of the chromosome.' These loops contain DNA 
in addition to RNA.” 

The synthesis of RNA in the chromosome is a DNA-dependent process, as judged 
by its sensitivity to inhibition by Actinomycin D. Nucleolar RNA synthesis is 
also blocked by this antibiotic. The addition of Actinomycin D to isolated chromo- 
somes, or to intact odcytes, not only inhibits RNA synthesis, but also leads to a 
disappearance of the chromosomal loops. A modified Actinomycin C; (which does 
not block RNA synthesis) does not cause loop retraction. 

Other agents which inhibit nuclear RNA synthesis, such as the arginine-rich 
histones, also cause the loops to disappear. Inhibitors of protein synthesis, such 
as puromycin, do not have this effect. 

The results suggest that the morphology of an active chromosomal site is not only 
closely related to its capacity to synthesize RNA, but is dependent upon it. 


* This research was supported in part by a grant (RG 4919) from the U.S. Public Health 
Service. 
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THE MOLECULAR SYNCHRONY AND SEQUENTIAL REPLICATION OF 
DNA IN ESCHERICHIA COLI* 


- = - i a t 
By Tosuio NAGATA 
DEPARTMENT OF ZOOLOGY, COLUMBIA UNIVERSITY 


Communicated by E. L. Tatum, February 18, 1963 


Cytological and genetic observations on a number of organisms have contributed 


to formulating the concept of a sequential replication of the chromosome starting 
from one or more fixed points.': 2 Especially in bacteria, as Maalée* pointed out, 
this possibility found support in a mass of data strongly indicating a definite reg- 
ularity in the synthesis of DNA.‘ > Advantage of the bacterial system was taken 
in the present work which employed two strains of Escherichia coli K-12 Hfr, as 
well as one of I°~, and analyses were made of the problem of molecular synchrony 
and the sequential replication of the chromosomes. A system has been established 
for determining the course of change in the number of prophage \ per bacterium 
during a replication cycle of DNA in populations of lysogenic bacteria under con- 
ditions of synchronous growth. A substantial amount of evidence indicates that 
the prophage \ is indeed a DNA structure, occupies a definite site on the K-12 
linkage map, replicates in harmony with the host chromosome, and can be induced by 
various agents.°~> The existence of \ as an episome allows us to regard it as a gene 
on the bacterial chromosome and at the same time provides us with a means of 
enumerating its intracellular number at any given time. Thus, the kineties of this 
measure should directly reflect the pattern of the replication of the host chromosome 
itself. 

Bacterial Strains.—All the bacteria used are derivatives of Escherichia coli K-12 (Table 1). 

Superinfecting phage: oh, a weak virulent and host range mutant of A,° was kindly provided 
by Dr. R. K. Appleyard. In contrast to the wild type (7 *) which forms turbid plaques, the 
mutant 7; gives rise to clear plaques. High titer stocks of this phage were prepared by the method 
of confluent Lysis. "° 

Media: (a) M-9 is a minimal salt solution composed of 7.0 g anhydrous NasHPO,, 3.0 g KH2- 
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TABLE 1 
BACTERIAL STRAINS 
Strain temarks Origin Donor* 
HfrH(\) M. Demeree 
HfrCs101(\) 58-161 M. Demerec 
F~Z260(\ ) (F*+m-) N. D. Zinder 
HfrHQ, 424) HfrH(\) 
HfrCsS101(\, 424) HfrCsl01(\) 
F-Z260(A, 424 F ~Z260(,\ ) 


C600 t-l-B,~, sensitive to \ & 424 679-680 R. K. Appleyard 
C600(\) t-l~B,~, sensitive to 424 C600 5.5 
C600( 424) t~1~B,~, sensitive to A C600 F. Jacob 


The symbols designate as follows; m, methionine; ¢, threonine; 1, leucine; Bi, Vitamin Bi; (A), lyso- 
genic for A; (424), lysogenic for 424. The double lysogens for \ and 424 were isolated after infecting each 


\ lysoven with the temperate phage 424; C600(A), likewise after infecting C600 with A. 
* The author is greatly indebted to these donors for their generosity. 


PO,, 1.0 g NH,Cl and 1 liter of distilled water. After autoclaving, a separately autoclaved 
stock solution of MgSO,7H.0O is added to a final concentration of 5 X 1074 M, the pH being 6.8- 
eU, 

(b) M-9(0.05): To the M-9, glucose and DL-methionine are added to final concentrations of 
0.0507 and 50 ug/ml, respectively. It is used to grow tube cultures and gives a final yield of bac- 
teria of 5 & 108 cells/ml. 

(c) M-9(0.1) is same as .W-9( 0.05), except that the final concentration of glucose is 0.19 ; it is 
used to grow flask cultures and gives a final yield of bacteria of 10° cells/ml. 

(d) Y7B is a growth medium for indicator bacteria as well as for postinduction incubation, 
and is composed of 5 g Yeast Extract (Difco), 10 g Bacto-Tryptone (Difeo), 5 g NaCl and 10 ml 
of a 25°, MgSO,-7H.O solution, dissolved in 1 liter of distilled water. 

(e) YTA: Tothe YTB, 1.7°;7 Bacto-Agar (Difco) is added. 

({) Soft agar: Same as }7A except that the agar content is 0.77. It is used to plate phage 
particles for plaque counting by the agar laver technique."! 

Methods: (a) Synchronization of bacterial growth was achieved by employing a fractional filtra- 
tion technique originally described by Maruyama and Yanagita;'? several important modifica- 
tions were made, however. In order to start each experiment with a bacterial population as 
homogeneous as possible, a single colony was isolated and grown on a fresh Y7'A slant for about 
6-8 hr at 37°. From this young clone, a small number of cells was inoculated into 5 ml M-9(0.05) 
for overnight incubation with aeration at 37°. After washing the overnight culture twice, cells 
were inoculated into 300 ml of fresh M/-9(0.1). The culture was incubated at 37° on a shaker for 
more than 10 hr whereupon it reached a stationary phase; thereafter, incubation was continued 
for 120 more min. This timing is important in that a relatively homogeneous and healthy popula- 
tion of cells largely determines success in synchronization. After centrifugation of the culture, 
cells were washed once and recovered as ca. 1.4-1.7 ml of thick suspension which was ready for 
filtration. A filter paper pile was prepared with 18 sheets of No. 126 Toyo filter paper sandwiched 
between 2 sheets of No. 1 Toyo filter paper at the top and 1 sheet at the bottom. The pile was 
tied with a piece of string, placed in a funnel, and an inner cylinder was screwed above it. The 
pile must be moistened with 3 ml of prewarmed M-9 for 10 to 15 min before use. The thick sus- 
pension of cells, prepared as above, was first adsorbed on the top sheets of the pile. This was 
achieved within 2 min, whereupon the inner cylinder was screwed tightly and 10 ml of prewarmed 
M-9 was added; simultaneously the suction decompression was applied. Two or three successive 
elutions with 10 ml M-9 were found necessary in order to obtain a good recovery of cells in the 
filtrate (usually 10-2067). The entire process of elution should take only about 1 min. The fil- 
trate was centrifuged, an appropriate amount of the pellet was inoculated into 300 ml of 
fresh prewarmed M/-9(0.1), and incubation in a 37° shaker-waterbath followed immediately. 

(b) Measurement of DNA net synthesis was carried out by taking samples at every 10 min 
during the postfiltration incubation; the samples were subjected to the method described by 
Burton.!3 

(c) The absolute number of prophage per bacterium was determined by the technique! which 
involves induction of A and superinfection with AA. The Poisson distribution was introduced 
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as a correction factor in order to make possible the analysis of the lysate of a population instead 
of just single bursts. [every 5 min in the postfiltration incubation 6 ml samples were with- 
drawn and irradiated with UV for 20 sec with a Westinghouse sterilamp (46 erg/sec/mm?). Four 
ml of the irradiated suspension were inoculated into | ml of 5 & Y7'B where a suitable number (de- 
pending upon the multiplicity desired) of superinfecting phage \»,h was present. Incubation fol- 
lowed immediately in a 37° waterbath with aeration by bubbling. After 15 min of post-ultra- 
violet incubation, a 0.1 ml sample was taken to determine the number of unadsorbed Ayh. After 
130 min, the lysate was chloroformed; the supernatant was then plated on very thick Y7'A 
(not less than | em) with a growing culture of EF. coli K-12 C600. 

(d) Determination of the relative number of two prophates, \ and 424: In order to avoid the 
ambiguity caused by the superinfection technique which requires some correction procedures, the 
system was improved by eliminating superinfection and introducing a second prophage, 424, as a 
reference for A. All the strains, already lysogenic for \ and used before, were further lysogenized 
with 424. The resulting double lysogens were subjected to exactly the same procedures for syn- 
chronization, viable counts, and DNA determination. For prophage enumeration, samples were 
simply induced by UV; the titers of phage \ and 424 in the resulting lysate were determined by 
plating the supernatant on ¥7'A with the appropriate indicator bacteria. These were E. coli 
strains K-12 C600 (424) for \ and C600(\) for 424 (because of their immunity differences); their 
plating efficiencies were not significantly different. 


Results.—Kinetics of prophage duplication during one cycle of DNA replication: 
After precautions in every step of the procedure for synchronizing cell division, all 
strains responded by a satisfactory stepwise growth. DNA increased exponentially 
through several generations with a probable break at each onset of cell division; 
thus, one DNA replication cycle corresponded almost exactly to one generation of 
cell division. This roughly agrees with the finding with nonsynchronized popula- 
tions that DNA synthesis occupies more than 80 per cent of a cell generation.‘ 


The kinetics of increase in turbidity also roughly corresponded with that of DNA. 

(a) Change in the absolute number of prophage per bacterium: In all the samples 
for prophage determination, taken at different times during the cell growth and in- 
fected with various multiplicities of Avxh (ca. 2-10), practically all the cells in a pop- 
ulation were lysed. The average burst size increased linearly from about 80 to 120 
as a function of time within one replication cycle. No significant difference was 
observed in the burst size obtained after induction alone and after induction plus 
superinfection. It was proved in a system equivalent to the present one that both 
genotypes of A, 7, + and v, are not subject to differential selective forces during their 
vegetative multiplication together.'® Therefore, the ratio of the number of turbid 
plaques to the number of clear ones, obtained by plating the lysate, can be taken as 
a direct function of both the multiplicity of superinfecting phage and the number of 
intracellular prophage at the time of induction and superinfection; the last param- 
eter can be calculated by knowing the first two. 

Figure la shows the pattern of prophage kinetics in HfrH(A). The number of 
prophage per bacterium remained at a constant value until the net increase of DNA 
reached approximately the 50 per cent level. Then an abrupt doubling in pro- 
phage number was achieved at a time when the increase in total DNA was 80 
per cent; toward the beginning of the next replication cycle the number returned 
sharply to the initial value. In another strain of Hfr, C5101 (A), however, the 
number of prophage doubled quickly during a very short period after the beginning 
of the replication cycle, remained constant throughout the rest of the cycle until 
the onset of the next (Fig. 1b). At the time of the doubling in prophage number, the 
DNA increase was only at a level of ca. 10 per cent. The F~(A) displayed yet 
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Fic. 1 a~c.—Change in the absolute number of prophage \ per bacterium over one replication 
cycle of DNA in synchronized populations of #. coli K-12. The intracellular number of \( 4) was 
determined by the induction-superinfection technique described in Methods. Synchronization was 
achieved by fractional filtration; IDNA (@) was determined by the Burton-Dische method; 
the number of viable cells (O), by plating samples on agar plates. (a) HfrH(A) with average 
multiplicities of superinfection, n, of 4.8-8.9. (b) HfrCS1O1(A) with n = 6.4-11.8.  (¢) F~Z260(A) 
with n = 2.8-4.8. 


another pattern of prophage kinetics (Fig. le) where no abrupt doubling of the 
number was observed. When cells were grown nonsynchronously, these specific 
prophage patterns were completely distorted to the extent that the number of 
prophage per cell did not significantly change. It can be concluded, therefore, that 
the observed difference in the prophage kinetics is significant; each of the unique 
patterns is characteristic of each strain of bacteria, attributable only to the syn- 
chronous growth of the cells, and hence reflects the molecular synchrony of DNA 
itself. 

(b) Change in the relative number of prophages, \ and 424, per bacterium: Upon 
induction of bacteria doubly lysogenic for \ and 424, both prophages gave rise to 
progeny phages in the lysate. The average burst size was not significantly different 
among the different strains; it was also the same for single lysogens carrying either 
of the prophages as for double lysogens, growing synchronously or not. The same 
type of consistency was also observed for the per cent induction of \ (more than 
96%) and 424 (25.7 + 14%). DNA synthesis stops immediately after irradiation 
with the inducing dosage of UV and is arrested for about 30 min during post-UV 
incubation. All these facts justify taking the ratio of \/424 ina lysate as a measure 
of the intracellular ratio of the two prophages at the moment of sampling and in- 
duction. 

In HfrH(\, 424) (Fig. 2a), the ratio stayed at a constant value nearly halfway 
through the course of increase of DNA, whereupon it was sharply reduced to al- 
most one half. Then it resumed the initial value at a time when the DNA had 
increased about 80 per cent. On the contrary, the ratio in HfrCS101 (A, 424) (Fig. 
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Fig. 2 a-c.—Change in the relative number of prophages \ and 424 per bacterium during one 
replication cycle of DNA in synchronized populations of 2. coli K-12. The relative number was 
expressed in terms of the ratio (A) of phage A to phage 424 in the lysate obtained after induction of 


double lysogens with UV. — All the conditions for synchronization, DNA (@) determinations and 
viable counts (©), are similar to those described for Figure 1. (a) HfrH(A, 424); the sharp de- 


crease in the ratio is significant (P < 0.01) by ¢ test. (6) HfrCS101(\, 424); the sharp increase in 
the ratio is significant (P «< 0.01) by ¢test. (¢) F~Z260(,, 424); the ratios seattered around a mean 
of 4.35 + O.11. 


2b) doubled almost immediately at the beginning of synchronous growth, returned 
to the original level when the DNA had increased about 40 per cent, and thereafter 
remained constant until the beginning of the next generation. In F(A, 424) 
(Fig. 2c), the ratio remained constant throughout the cycle. These observations 
are all consistent with the previous findings and distinguish even more clearly the 
relative time of duplication of the prophages in each Hfr strain. 

Polarity in the replication of bacterial chromosomes: It is known that the point 
of rupture on the continuous circular chromosome of F. colt K-12, the location of the 
I factor on the resulting linear structure, and hence the direction of genetic transfer 
by each chromosome at mating are characteristic of each Hfr strain.’; "The rela- 
tive positions of \ and 424 on such a linkage map of each Hfr were compared with 
their relative time of duplication expressed in terms of per cent increase of DNA 
with a marked agreement between the two sets of values (Table 2). Moreover, the 
fact that the timing of \ duplication in Hfr strains determined by two different 
methods was proved to be consistent suggests the validity of the observations. All 
these results lead to the conclusion that the replication of the Hfr chromosome is 
synchronized and has a definite polarity starting from its posterior end where the 
F factor is attached and proceeds to the forward end. ‘There is an assumption here, 
however, that the map distance of genetic loci including prophages, expressed in 
terms of the time of entry upon conjugation, designates their geographical positions 
on the actual DNA molecule; this may be the case, especially in view of P*? decay 
experiments where it was shown that the kinetics of genetic transfer at conjugation 
could be correlated with the kinetics of nucleotide transfer.” 

The prophage kinetics of I~ (Fig. le) shows perfect harmony with the mutation 
kinetics of F. coli 15 (F~) thymineless bacteria induced with 5-bromouracil during 
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TABLE 2 
CoMPARISON OF THE RELATIVE Positions OF Two PRoPHAGES AS DETERMINED BY TIME OF 
DUPLICATION WITH THEIR PosiTIONs ON THE LINKAGE Map 
Strain Hfrlt (A, 424)— HfrCsS10O1(a, 424)— _ 
Points on Fig. 2a, } B ) D A B C D 
wgDNA/ml ; 6.0 2.9 3.1 4.0 5.9 
A DNA to point A . ye 3.1 0.0 0.2 ca 3.0 
% inerease of DNA 48: SO. ! 100.0 0.0 6.7 36.7 100.0 
Markers on the linkage 
map k 42: r t F » 424 lac 
Distance from F 0’ 92’ 108’ 0’ 6/ 41’ 108’ 
©. distance 0.0 02.8 85.0 100.0 0.0 5.5 38.0 100.0 
Point A represents the start of a generation cycle; B, the time of the first prophage duplication; C, that of 
the second prophage duplication; and D, the end of the cycle. weDNA/ml for each point were read from the 
DNA curves in Fig. 2a and 6. Markers on the linkave map: F designates the F factor attached to the tail end 
of the chroromosome; 424 and \, the prophages; f, threonine; and lac, lactose. The last two genes occupy posi- 
tions at the head ends of the chromosomes,” '’ The distance of each marker from F is expressed in terms of time 
of entry upon conjugation in minutes.'* 


a synchronous growth caused by thymine starvation.”° Recent autoradiographic 
studies? have revealed that even the replication patterns of the chromosomes are 
quite similar in ~ and Hfr. These facts seem to indicate that the I~ chromosome 


replicates also with polarity but starts at random from any site on the continuous 
circular structure. Accordingly, if one used thymineless Hfr for the mutation 
study, a pattern of induction kinetics similar to that of prophage should be ex- 
pected; some preliminary results are at hand suggesting this is indeed the case 
in such a system where a mutagenic base analogue was pulsed into the synchronously 
replicating DNA.*! 


Discussion.—Although the possibility of a ‘“‘conservative” replication of DNA 
in vivo has not yet been completely ruled out,?? evidences have been accumulated 
which indicate that the replication is “semiconservative’; this was most clearly 
shown in bacteria,?* where “side-to-side”’ hybrids were formed rather than ‘“end- 
to-end”’ association of subunits.*4 A question arises, however, as to whether or 
not this mechanism also characterizes the replication of DNA molecules at higher 
levels of organization, e.g., in the whole intact bacterial chromosome. The auto- 
radiographic studies of Cairns? are illuminating in this regard, and his conclusion 
was that the long molecule of DNA (more than 700 yu) is double-stranded, and 
replicates from one fixed point in a semiconservative fashion. These results 
are readily compatible with the present prophage data. 

Based on the very likely assumption that the long molecule of DNA also under- 
goes semiconservative replication, an attempt was made to construct molecular 
models (Fig. 3) of chromosome replication in order to account for the prophage data. 
In Model I, one expects A to duplicate when DNA replication is 85 per cent com- 
plete in HfrH and 5.5 per cent in HfrCS101, whereas the observed values are 80 
per cent and 6.7 per cent, respectively (ef. Table 2), showing a marked agreement. 
In view of studies on the in vitro synthesis of DNA,” however, one might argue that 
replication starts from both ends of the molecule with unwinding of the double 
helix, leaving each of the partner strands temporarily single. Although it was 
argued that this need not necessarily apply,” the possibility still remains also at the 
chromosomal level and was examined in Model II. If we assume that the tem- 
porarily single-stranded molecule of \ DNA, attached to the host molecule in a yet 
unknown way, can be induced, as well as the newly formed double-stranded \, to 
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Fic. 3.—Molecular models for the 

ars per I bf m sequential replication of Hfr chromo- 
qameties: wee somes. The solid lines in these models 
indicate the parental DNA strands and 

the broken lines, new growing strands. 
The thick lines in Model III indicate 
the particular strands assumed to 
carry information for responding to UV 
induction to produce normal phage 
progeny (see text). Arrows in the 
Models II and III show the antiparallel 
polarity in the backbones of the 
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the phosphodiester bonds of the deoxy- 
ribonucleosides. Although the molec- 
ular nature of the attachment of the 
prophages to the host chromosome is 
not known, the prophages are indicated 
as branches to make the illustrations 
clear. 


HfrCSIO! oseg- * 


give rise to healthy progeny phages, the expectation would be that \ prophage 
duplicates upon a 5.5 per cent increase in DNA in CS101, in agreement with the 
observation (6.7%). But A should double when DNA has increased by 15 per cent 
in HfrH, in disagreement with the observation (80%); the two observations are 
evidently contradictory. If we assume otherwise, that single-stranded \ cannot 
be induced, then the expected value for HfrH (85%) agrees with observed (80%); 


but this is not the case for CS101, expected (94.5%) versus observed (6.7%). 
Again there is an obvious contradiction, indicating that the model is invalid. Yet 
another possibility could be entertained; namely, if we assume that only one of the 
two strands carries information for responding to the inducing agent, then Model 
III can be formulated. Suppose only the upward strand in each strain of Hfr ear- 
ries the information, and replication takes place in a manner similar to Model II. 
Suppose further that the new chain growing upward from the end where F factor 
is located also carries the information, then this particular chain is the one which 
decides the timing of \ duplication as detected by induction. This model is as 
compatible with the prophage data as Model I and cannot be ruled out by the 
prophage technique alone. Against this hypothesis, however, is evidence that 
both members of a base pair must be changed upon mutation for a mutant phe- 
notype to be expressed.” l'urthermore, the Kornberg enzyme could still operate in 
the way postulated in Model I, if the bacterial chromosome consisted of a large 
number of subunits, each of which replicated in an antiparallel fashion. The re- 
sults of Cairns also support Model I. Here the most challenging question concerns 
the nature of the controlling mechanism that determines the replication polarity; 
what factor plays the role of primary importance—the DNA polymerase, hydrogen 
bond formation, unwinding itself, or some unknown factor? 

Summary.—The question of the mechanism of chromosome replication in bac- 
teria has been studied with lysogenic strains of Escherichia coli K-12 Hfr and F~. 
Bacterial growth was synchronized by the fractional filtration technique, the smaller 
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cells being recovered. One replication cycle of DNA corresponded to a syn- 
chronized cell generation. Kinetic studies of prophage duplication over one repli- 
‘ation cycle of DNA revealed: first, that the pattern of kinetics is distinctively 
strain specific; second, that this is brought about only by synchronization; and 
finally, that the specific time of prophage duplication, expressed in terms of per cent 
increase of DNA, can be directly correlated with the known genetic linkage map. 
These findings led to the conclusion that the replication of the chromosome in 
E. coli K-12 is synchronized and sequential, especially in Hfr, starting from the 
posterior end where the I factor is attached and proceeding to the forward end. 
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SEQUENTIAL REPLICATION OF BACILLUS SUBTILIS 
CHROMOSOME, I. COMPARISON OF MARKER FREQUENCIES IN 
EXPONENTIAL AND STATIONARY GROWTH PHASES* 

By Hirosut YOSHIKAWA AND NOBORU SUEOKA 
DEPARTMENT OF BIOLOGY, PRINCETON UNIVERSITY 
Communicated by S. E. Luria, February 28, 1963 

The mechanism of DNA replication is fairly well understood,'~* while that of 
chromosomal replication is rather poorly known. The main difficulty is our ig- 
norance of the molecular structure of chromosomes. The results of Taylor, Woods, 
and Hughes‘ show a bipartite and semiconservative nature of plant chromosomes. 
So far as the sequence of chromosomal replication is concerned, autoradiographic 
analyses of chromosomes of higher organisms have revealed no over-all polarity of 


replication,®: ° except for a suggestive case in Crepis.’? Existence of polarity in small 
regions, however, is quite likely.» * For the F. coli chromosome, Maalde* proposed 
a model in which replication proceeds along the chromosome in an oriented fashion. 
Although there was some suggestive evidence favoring such a model,’ no direct 


proof had been obtained. 

Based on isotopic transfer experiments in the Bacillus subtilis transformation 
system, we have concluded that the replication of different markers in B. subtilis 
does not occur in a random-in-time fashion but has a regular oriented pattern." |! 
In recent reports by Nagata’? '* the pattern of duplication of \ prophage in syn- 
chronized cultures of an Hfr strain of 2. coli K12 has been interpreted as evidence 
for a polarity of chromosome replication. A similar conclusion has been reached 
by Cairns from autoradiographic studies on DNA replication of EF. coli."4 

This paper presents experimental results which give further support to the polar- 
ity of replication of the bacterial chromosome. The experiments consist of meas- 
urements of relative frequencies of genetic markers in an exponentially growing cell 
population of Bacillus subtilis, using the genetic transformation system developed 
by Spizizen." If chromosomal replication has a polarity, there should be a dif- 
ference in the frequency of genes depending on their position on the chromosome. 
This is exactly what we found in the present experiments, 
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Fic. 1.—A replication model of the chromo- ee ae ae ee ee er 
some. Replication starts from one end (origin) 02 0.4 0.6 0.6 10 
of the chromosome, and proceeds toward the POSITION OF CHROMOSOME X 
other end (terminus). Both strands are copied. 
The solid line represents the old strand and the 
broken one the newly synthesized strand. This 
model does not differ, in principle, from a 
circular chromosome model in which replication 
starts at a fixed point in one direction, 





Fic. 2.—Relative — frequencies of 
genetic markers at different positions 
on the chromosome in an exponentially 
growing population. The distribu- 
tion (or mapping) function g(X) is 
not normalized; the integration of 
g(X) from X = 0 to X = 1 gives 
1/In2. This funetion was used for 
mapping markers (see Fig. 5). 


The results gave clear evidence of an oriented replication of the chromosome and 
made it possible to construct a linear genetic map covering the whole range of the 


chromosome. ‘Two small groups of linked genetic markers had been described in 
B. subtilis by joint transformation: the histidine-indole-tyrosine group'’~'’ and 
the streptomycin-sporeless group.'* The present experiments suggested the exist- 
ence of another linked group, methionine and isoleucine, whose existence was 
then confirmed by joint transformation. 

Materials and Methods.—Principles of the experiments: At the present stage of our knowledge 
of chromosomal structure?’?! several alternative replication models are possible. The model which 
we chose to test experimentally is the one-end oriented, continuous replication model (Fig. 1). In 
this model, the chromosome replicates from one end (origin), proceeds continuously toward the 
other end (terminus) at an approximately uniform speed, and both strands replicate. For the 
sake of simplicity, the resting period in which no DNA synthesis occurs is assumed to be negligi- 
ble.® 

This particular model leads to several specific testable predictions. In an exponentially growing 
population without any synchrony of chromosomal replication, the frequency of chromosomes 
whose replication has just started is nearly twice as high as that of chromosomes which are about 
to complete their replication. Frequencies of chromosomes in the intermediate replication stages 
are intermediate between these two extremes (see appendix). This means that the frequency of a 
genetic marker in an exponentially growing population is a unique function of its location on the 
chromosome: i.e., the markers located toward the origin are more frequent than those toward the 
terminus. The frequency distribution of markers as a function of their position X on the chromo- 
some is (see appendix): g(X) = 2!~%, 

The position X can vary from 0 (the origin) to 1 (the terminus); the corresponding values of 
g(X) are 2 and 1, respectively. A graphic representation of the relation is given in Figure 2. If 
our model is correct, this relation can be used to map genetic markers in a linear order by experi- 
mentally measuring the relative frequency of different markers, g( XY), in an exponentially growing 
culture used as donor of DNA in a transformation experiment. Consequently, the function g(\) 
is called the mapping function. 

Experimental determination of marker frequency in a given transforming DNA preparation, 
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however, requires another condition. Since the efficiency of transformation varies from marker to 
marker due to differences in the integration efficiency,*?: ** mere comparisons of numbers of trans- 
formants for different markers do not tell us the actual frequencies of the markers in the DNA 
preparation in question. This problem can be solved if we find a condition in which all markers 
are equally frequent. This condition will serve as the standard, and tae relative frequency of 
markers in exponential cultures can be obtained by reference to the standard. 

Conditions for equal marker frequency might be obtained by various methods. Removal of 
supplements from a growing culture of an amino acid-requiring mutant of E. coli might give the 
desired conditions.’ In the present work, we chose the stationary phase as a possible example of 
the equal-gene-frequency situation. If all the cells in the stationary phase have complete, resting 
chromosomes, all markers should be equally frequent. Comparison of the relative transforming 
activity of DNA from exponential and stationary growth phases should disclose differences for 
different markers, if our replication model is right. If, on the other hand, the replication state or 
the age of the chromosome is distributed more or less similarly in the stationary phase as in the 
exponential phase, there should be no difference in marker frequency between DNA samples from 
the two growth phases. 

A wild-type strain (W23) of B. subtilis** was used as the DNA donor strain throughout 
the work. Recipient mutants were isolated‘! from a Marburg strain (a derivative of strain 168 
of Burkholder and Giles*) by an ultraviolet-penicillin method.** ? Only mutants with low 
reversion frequencies, less than 1077, were used. DONA samples of the donor strain were prepared 
from cells in various growth stages. In order to stop further DNA replication, cells were heated 
at 60°C for 10 min immediately after sampling. They were chilled in ice, centrifuged, and 
suspended in a versene saline solution (0.15 47 NaCl plus 0.1 M ethylenediamine tetracetate, 
pH 8.0) at a cell concentration of about 10"/ml. The suspension was incubated at 37°C for 15 
min with egg-white lysozyme (1 mg/ml). Lysis was completed by further incubation with duponol 
(final concentration 2 per cent) for 5 min at 37°C with constant shaking. DNA was prepared by 
a modification of Marmur’s method® and was sterilized by keeping it in 70 per cent ethanol for 
several hours. The details of the methods will be deseribed elsewhere."! 

Transformation was performed mostly according to Anagnostopoulos and Spizizen.** In order 
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to obtain competent recipient cells reproducibly, a growth curve was followed in each case by 
growing the recipient cells in a flask which allowed measurement of cell concentration without 
removal of samples. When the growth curve indicated the approach of the stationary phase, the 
cells were diluted tenfold with medium for a second growth phase** and shaken for 90 min at 37°C; 
then DNA was added. The cells were shaken further for 40 min and DN Aase (5ug/ml) was added. 


Experimental Results. -DNA was isolated from the donor strain at various times 
in the exponential and stationary growth phases (lig. 3). Relative frequencies of 
transformants for various markers were compared for various samples of DNA from 
exponential and stationary phases. The results are presented in Tables 1 and 2. 
The results of Table 1 show that the ratios of transformants for one marker to those 
for another marker are independent of the DNA concentration used. 

lor each marker and for each DNA sample, the number of transformants ob- 
tained was normalized to the number obtained for the met (= methionine) marker. 
Then these normalized values were again normalized to the values for DNA sam- 
ple #7, taken from a stationary phase culture (see Fig. 3). These final values show 
significant differences between different markers. 

These differences indicate that at different stages in the growth of a culture there 
are significant differences between the frequencies with which different markers can 
be donated by transforming DNA. These differences should correspond, according 
to our hypothesis, to differences in the number of copies of the markers in the DNA 
and, hence, in the donor cells. 

It is remarkable that for none of the markers tested (ten altogether, see Fig. 5) 
the normalized value for the exponential phase is more than twice the value in the 
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TABLE 1 
Typical Data ON RELATIVE FREQUENCIES OF leu, met, AND thr MARKERS IN DNA FROM 
EXPONENTIAL AND STATIONARY GROWTH PHASES 
No. of ‘Lransformed Cells 10° 


—Recipient Cells* - . E 
DNA Concentration thr leu met thr /met leu/ met 


1.22 
No. 3° 0.1 ug/ml 6,670 8,050 1,970 a 62) 


No. ; 0.01 1,070 1,140 730 if 564 
No.: 0.001 61 82 32 OL 2 5S" 
No. 0.1 5,110 7,180 5.540 * 1.1? 30, 1 or 
t 
No. £ 0.01 1,350 ,720 1,270 " 1.02 i 
No. ! 0.001 147 210 138 07 2 
No. 0.01 67 2580 2,070 815 0.87 Ne 


a 
No. 0.1 7,63 11,730 8,820 S7 1.00 ol 1.00 


No. 0.001 253 352 268 94 
No DNA 7 0 0 


@ Each value is the average of two plate counts. The recipient strain used is a triple mutant, leu-met- 
thr (Mu8u5u5). 
The numbers of the DNA samples are the same as those shown in Figure 3. 
- The average ratio. 
d The average ratio relative to DNA No. 7 which is taken as 1. 
e These figures were discarded because of the small number of transformed colonies per plate. 


stationary phase. The marker with the highest frequency in the exponential phase 
is ade, the lowest are met and ileu. The ratio between these two classes of mark- 
ers is 2, which is the maximal ratio predicted by the proposed model. 

A more detailed analysis of early and late stationary phases was made using the 
two extreme markers, ade and met (lig. 4). The results indicate that the higher 
frequency of the ade marker in the exponential phase decreases gradually and 
finally reaches the stationary value. This is the expectation from our postulate that 
the stationary chromosome represents the completed form. 

The quantitative results fit the predictions so well that the proposed model of 
chromosome replication gains strong support. Alternative models will be con- 
sidered in the discussion, but none of them are as satisfactory as the proposed model. 

The genetic map of B. subtilis shown in Figure 5 was constructed by calculating 
the position (X) of each marker from the observed normalized value of that marker 
in the exponential phase using the mapping function. It should be noticed that 
those markers that had previously been shown to be linked'*~!* (his, ind, tyr) be- 


TABLE 2 


RELATIVE FREQUENCIES OF VARIOUS MARKERS TO mel IN EXPONENTIAL AND STATIONARY 
GROWTH PHASES 

Relative — - — ———e ——-—DNA Samples - - — - 
frequency of Exponential Stationary Overnight 
marker to met® No. No. 2 No. 3 No. 4 No. 5 No. 6 No. 76 DNAS 

tleu/met 0. if (1.06) 

leu/met 3; 1.48* 2. 2 5 1.08 (1.00) 

thr /met 6 Re (1.00) 

ade /met § 2.10* 92 1.90* : 1 40* (1.00) 

his/met bf 28 (1.00) 


@ The recipient strains are triple mutants derived from a double mutant Jleu-met (Mu8u5): leu-met-ileu 
(Mu8u5ul); leu-met-his (Mu8u5u2); leu-met-ade (Mu8u5u6); leu-met-thr (Mu8u5u5). 

6 The ratios (marker/met) for DNA No. 7 are taken as | in this set of data and the other values are normalized 
to them. These values are the averages of several repeated measurements, except those marked with an asterisk, 
which are based on one observation only. 

¢ Relative marker frequencies in DNA from an overnight culture are shown for additional comparison. 





VoL, 49, 1963 GENETICS: YOSHIKAWA AND SUEOKA 


KLETT UNIT 





OPTICAL DENSITY 


. 7 8 8 
l l l 1 TIME (HOURS) 
5 6 7 8 a . - . 
TIME (HOURS) Fic. 4.—Detailed analysis of various stages 


, ; 4 of the stationary growth phase using ade and 
Fig. 3.—DNA_ samples from various met markers. The figures in parentheses are the 
growth stages of B. subtilis W23inanenriched — ade/met ratio. The culture and sampling con- 
minimal medium. Cells were grown at 37°C — ditions are similar to those of Figure 3. The 
with constant shaking in a minimal medium?‘ recipient strain is a triple mutant strain, leu- 
supplemented with 0.05°% casein hydrolyzate — met-ade (Mu8u5u6). 
and 50 yg/ml of L-tryptophan. The volume 
was | liter for samples No. 1 to No. 4, 500 
ml for No. 5 to No. 7. Cells of each sample 
were heated at 60°C for 10 min and DNA 
was prepared as described in the text. 


haved similarly in the present test, thus confirming the validity of the map (Table 


3 and Fig. 5). 
Extensive linkage tests were made among the markers used in the present ex- 


periment by searching for joint transformation of various combinations of the 
markers.*’ Besides the previously known his-ind-tyr linkage group, a new link- 
age between met and ileu was discovered (Table 4). This is in complete agreement 
with the proposed map (Tig. 5). 

Discussion.—The method and results reported here and in a previous note" 
support an oriented replication of the B. subtilis chromosome and present a new 
opportunity to study the genetic structure and replication mechanism of chromo- 


TABLE 3 
MARKER FREQUENCIES OF tyr, ind, AND his IN VARIOUS STAGES OF GROWTH 

—No. of Transformed Cells¢-—— ———______—_——Ratio—_——_ 

tyr ind his tyr/his 

243 281 291 0.84 ). 85 0.97 0.94 
262 279 257 1.02 03 1.08 1.05 
437 484 427 1.02 03 1.13 1.10 
337 378 351 0.96 97 1.07 1.04 
752 SO7 760 0.99 00 1.06 1.03 
606 5OS 599 1.01 02 1.00 0.97 
941 999 955 0.99 (1.00)? 1.03 (1.00) 

The numbers of the DNA samples are the same as those shown in Figure 3. 


The tyr/his and ind/his ratios of No. 7 DNA were taken as 1. 
The recipient strain used was a triple mutant, tyr-ind-his (Myly1u7). 
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ORIGIN 
STARTING REGION MIDDLE REGION TERMINAL REGION 


Fig. 5.—A genetic map of B. subtilis obtained by the method described in the text. The posi- 
tion of each marker on the chromosome is obtained from the average of several experimental 
values. The gene orders for tyr, ind, and his, and for ileu and met, are not yet known. The 
markers phe and lys were mapped by using the following double mutants as recipient strains: 
leu-phe (Mu8u7), and lys-phe (Mul2u17). 


somes. Excluded are the models assuming random-in-time replication of different 
regions of the chromosome and those in which only one chain of DNA is copied, 
while the other chain remains single over a considerable length. The latter class 
of models is also made unlikely by isotopic transfer experiments? and autoradio- 
graphic studies" in F. colt. 

Two modified forms of the oriented replication model, however, cannot be ex- 
cluded completely. One is the “‘subunit-model” in which the chromosome con- 
sists of subunits which replicate more or less independently of one another. The 
replication of each subunit should, however, have polarity to satisfy the present 
results. In this scheme, the ade locus would be located close to the origin of one of 
the subunits, and met and i/eu close to the terminus of some subunit. A subunit 
structure of chromosomes, in which the replication of each subunit proceeds in 
sequential order from one end of the chromosome to the other, is not distinguishable 
from the model proposed in this paper and does not require special consideration at 
the moment. In another model, replication would start from both ends of the chro- 
mosome or of its subunits (two-end model). In this case, the markers that we have 
mapped in the region close to the origin would physically occupy either end of the 
chromosome, and those mapped in the terminal region would occupy the middle 
region. 

These two schemes would drastically change the genetic map. Although a sub- 
unit model cannot be excluded, the behavior of linked markers in the present ex- 
periments indicates that the subunits, if any, may be fairly large in size. The two- 
end model cannot readily be excluded by experiments of the present type unless 
more markers are accumulated and mapped. However, two lines of evidence on the 


TABLE 4 
A New LINKAGE Group (METHIONINE-ISOLEUCINE) IN B. subtilis 


Cone. Per Cent Cotransfer 
of DNA ————-No. of Transformed Cells per 10° Recipient Cells¢——-—-— ~—Index*—-—- 
(ug/ml) leu ileu met ileu-met ileu-leu ileu-met ileu-leu 
0.04 334° + 13¢ 158 + 7 1462 + 2 27 +2 0 9.6 <0.2 
0.008 229 + 25 106 + 3 100 + 19 igs + 5 0 9.6 <0.3 
0.004 136 + 6 iS + 5 ie mat | 0 9.0 <0.5 
No 0 0 0 0 0 


@ The cotransfer index was calculated according te Nester and Lederberg" and is expressed in percentage. 
6 Average number of colonies from 3 plates. 

¢ Extreme values are shown to indicate the extent of errors. 

4 The recipient strain used was a triple mutant leu-met-ileu (Mu8u5u1). 
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i. coli chromosome tend to exclude these possibilities and support the one-end con- 
tinuous replication model. One is an autoradiographic study by Cairns, who ob- 
served only one replication “fork” per chromosome.'* The other is a study by 
Nagata,'®: '* showing that in synchronously growing cultures of Hfr strains of EF. coli 
K12 there is a correlation between the position of the prophage A on the host 
chromosome and the time of prophage replication. 

The equal frequency of markers at the stationary phase predicts that the chro- 
mosome will replicate synchronously when cells in the stationary phase are trans- 
ferred to a fresh medium. In the previously reported cases of cell synchrony in 
bacteria,®:*! it was an unsettled question whether or not chromosome synchrony 
accompanied cell synchrony. It is now possible to check the degree of chromosome 
synchrony in these cases by comparing the relative frequency of the two end markers 
or of any two markers located at different positions on the chromosome. 

The age (replication-stage) distribution of chromosomes in the exponential phase 
described here assumes that no sizable fraction of the generation time is spent in 
the resting stage in which the chromosome does not engage in replication. In 
other words, the mapping function holds for growth conditions in which the resting 
period is negligible. This appears to be true for the present experiments, because 
the ratio of ade to met gives the value of 2. In general, however, the frequency ratio 
of any two markers in the exponential phase will be smaller the larger the fraction 


of the generation time occupied by the resting period, since a part of the population 
will have different gene frequencies, as described in this paper, while the resting 
part of the population will have equal frequencies for all markers. Using the two 


extreme markers, ade and met, it should be possible to detect the presence and to 
‘calculate the length of the resting phase in other culture conditions.*? 

As previously discussed by others,’: *!: ** there should be some regulating mecha- 
nism that controls chromosomal replication so that the normal DNA:mass ratio 
can be kept fairly constant in various growth conditions. It is attractive to assume 
that there is at the tip of the chromosome a region which signals the start of the 
chromosomal replication. The activation for such a signal gives an analogy of 
a repressor-inducer type mechanism. 

Summary.—Relative frequencies of various genetic markers in the DNA of 
B. subtilis, strain W238, in exponential and stationary growth phases were compared 
using a transformation system. If the chromosome replication has a polarity, the 
frequency of each marker in the exponential phase should be a function of its loca- 
tion on the chromosome. The results indicate that such polarity exists in B. sub- 
tilis. On the basis of the results, a genetic map has been constructed in which the 
adenine marker is located near the point of origin, from which the chromosome starts 
replicating, and methionine and isoleucine near the terminus. The results also 
indicate that chromosomes in the stationary phase are in completed form. 

A ppendiz.—The replication model described in this paper (Fig. 1) leads to the following quanti- 
tative description of the population. 

In an exponentially growing population, the frequency of chromosomes which have replicated 
up to a position x is described by 

f(z) = (In 2)2'~* (1) 


The distribution function is equivalent to the age distribution function of cells solved by Powell* 
for organisms which replicate regularly by binary fission. 
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The frequency of a particular marker which occupies a position Y of the chromosome is given by 
WX) = So. fade + 2S fla)de = 2'-7 (2) 

Here the function g(.Y) is not normalized, so that the total number of markers is equivalent to 
1/In 2, while the total number of chromosomes is taken as | (equation 1). For graphie repre- 
sentation, see Figure 2. A detailed presentation of the above functions and their applications 


to other cases will be presented elsewhere.*? 
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* The abbreviations, ade, his, ileu, ind, leu, lys, met, g-ala (or phe), thr, and tyr were used 
for mutants requiring adenine, histidine, isoleucine, indole, leucine, lysine, methionine, phenyl- 


alanine, threonine, and tyrosine, respectively. 

' Watson, J. D., and F. H. C. Crick, in Viruses, Cold Spring Harbor Symposia on Quantitative 
Biology, vol. 18 (1953), p. 1238. 

2 Meselson, M., and F. W. Stahl, these PRocEEDINGS, 44, 671 (1958). 

3 Kornberg, A., Harvey Lecture Series, 53, 83 (1957-1958). 

* Taylor, J. H., P. 8. Woods, and W. L. Hughes, these ProcEEDINGSs, 43, 122 (1957). 

5 Taylor, J. H., J. Biophys. Biochem. Cyt., 7, 455 (1960). 

6 Painter, R. B., J. Biophys. Biochem. Cyt., 11, 485 (1961). 

7 Taylor, J. H., Exp. Cell. Res., 15, 350 (1958). 

8’ Wimber, D. E., Exp. Cell Res., 23, 402 (1961). 

® Maalge, O., in Cellular Regulatory Mechanisms, Cold Spring Harbor Symposia on Quantita- 
tive Biology, vol. 26 (1961), p. 45. 

1 Yoshikawa, H., and N. Sueoka, Genetics, 47, 996 (1962). 

1! Yoshikawa, H., M. Hayashi, and N. Sueoka, in preparation. 

12 Nagata, T., Biochem. Biophys. Res. Comm., 8, 348 (1962). 

13 Nagata, T., these PRocEEDINGS, 49, 551 (1963). 

14 Cairns, J., unpublished. 

5 Spizizen, J., these PRocEEDINGS, 44, 1072 (1958). 

'6 Nester, EX. W., and J. Lederberg, these PROCEEDINGS, 47, 52 (1961). 

7 Ephrati-Elizur, E., P. R. Srinivasan, and 8S. Zamenhof, these PRocEEDINGs, 47, 56 (1961) 

18 Fox, M.8., and R. D. Hotchkiss, Nature, 187, 1002 (1960). 

’? Takahashi, I., Abstracts, 8th International Congress for Microbiology, p. 28 (1962). 

” Taylor, J. H., Am. Naturalist, 91, 209 (1957). 

21 Freese, E., in Exchange of Genetic Material: Mechanisms and Consequences, Cold Spring 
Harbor Symposia on Quantitative Biology, vol. 23 (1958), p. 13. 

22 Lerman, L. 8., and L. J. Tolmach, Biochim. Biophys. Acta, 26, 68 (1957). 

*8 Hotchkiss, R. D., and A. H. Evans, in Exchange of Genetic Material: Mechanisms and Conse- 
quences, Cold Spring Harbor Symposia on Quantitative Biology, vol. 23 (1958), p. 85. 

*4 Anagnostopoulos, C., and J. Spizizen, J. Bact., 81, 741 (1961). The wild-type strain W23 
was obtained through Dr. J. Lederberg. 

% Burkholder, P. R., and N. H. Giles, Am. J. Bot., 34, 345 (1947). 

76 Davis, B. D., J. Am. Chem. Soc., 70, 4267 (1948). 

27 Lederberg, J., and E. Lederberg, /. Bact., 63, 399 (1952). 

*8 Marmur, J., J. Mol. Biol., 3, 208 (1961). 

*® Yoshikawa, H., R. Neuman, and N. Sueoka, in preparation. 

% In particular, see Schaechter, M., M. W. Bentzon and O. Maalge, Nature, 183, 1207 (1959); 
Abbo, F. E., and A. B. Pardee, Biochim. Biophys. Acta, 39, 478 (1960). 

31 Lark, K. G., in Molecular Genetics, ed. by J. H. Taylor (New York: Academie Press, 1962). 
Part 1, p. 153. 

8° Sueoka, N., and H. Yoshikawa, in preparation. 

33 Jacob, F., and J. Monod, UNESCO Symposium on Biological Organization (1962), in press. 

34 Powell, E. O., J. Gen. Microbiol., 15, 492 (1956). The age distribution was solved inde- 
pendently by C. Neuman upon our request. A general solution which includes the presence of a 


resting stage will be given elsewhere.*? 





ROLE OF CHLOROPLAST FERREDOXIN IN THE ENERGY 
CONVERSION PROCESS OF PHOTOSYNTHESIS 


By Kk. Tacawa, H. Y. Tsusgtmoro AND Dante. I. ARNON* 
DEPARTMENT OF CELL PHYSIOLOGY, UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated February 27, 1963 


Chloroplast ferredoxin,'~* a water soluble iron protein with a redox potential® 
(fy’ = —432 mV, pH 7.55) close to that of the hydrogen electrode, is the most 
electronegative constituent isolated so far from the photosynthetic apparatus of 
green plants. Reduced ferredoxin has recently been identified® as the earliest, 
chemically defined reductant formed by chloroplasts at the expense of absorbed 
radiant energy. These properties are compatible with a role for ferredoxin as an 
electron carrier in cyclic (eq. 1) and noneyelic (eq. 2) photophosphorylation’~" 
the two components of the photosynthetic energy conversion process that produces 
the assimilatory power (TPNH, and ATP") to drive carbon assimilation by chloro- 
plasts.!*~"4 


hy 
ADP + P; > (1) 


chloroplasts 


2TPN + 2ADP + 2P; + 2H,0 — = 2TPNH, + 2ATP +02 (2) 

This article reports evidence for a role of ferredoxin in an endogenous type of 
cyclic photophosphorylation by chloroplasts (eq. 1), which proceeds anaerobically 
without added cofactors. A requirement for ferredoxin (then called ‘““TPN-re- 
ducing factor’!) in noneyelic photophosphorylation (eq. 2) was already observed 
when this process was first discovered,’ and this requirement has since been further 
documented.’: &~" Evidence was also obtained several years ago* for a require- 
ment of a “TPN-reducing factor” (i.e., ferredoxin) in what is now called pseudocye- 
lie photophosphorylation’’ by chloroplasts, but the significance of these earlier 
observations for the mechanism of energy conversion in photosynthesis has only 
now been realized. 

Methods.—“Broken”’ chloroplasts* (Pi; or Cis) were used in all experiments. 
The incandescent light used for illumination was filtered through a Jena G1 or G2 
filter, which cut off light of wavelength shorter than 500 mu. The ATP formed was 
estimated by the method of Hagihara and Lardy.'* Other experimental procedures 
were the same as those used previously.* 

Results and Discussion.—In the mechanisms currently envisaged in our labora- 
tory,’ ®° eyelie and noncyclic photophosphorylation share the same primary pho- 
tochemical act which gives rise, within the chloroplasts, to an electron flow from an 
excited chlorophyll molecule to an endogenous, primary electron acceptor. If, 
as recent results have shown,® ferredoxin is the earliest primary electron acceptor 
that can now be isolated following the photochemical act, then it follows that photo- 
reduction of ferredoxin should be a common feature of the electron flow pathways 
of either cyclic or noncyelic photophosphorylation. The two pathways would 
differ in the electron acceptors beyond ferredoxin. In the case of noneyelic photo- 
phosphorylation, the electrons from ferredoxin would be transferred to TPN, 
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whereas in the case of cyclic photophosphorylation they would “cycle” back to 
“electron-deficient” chlorophyll molecules”: ® via a chain of endogenous electron 
‘arriers. (The transfer of electrons from reduced ferredoxin to TPN occurs only 
in the presence of a flavoprotein reductase which is contained in the chloroplasts.*') 


If this formulation of the role of ferredoxin is correct, then a transition from non- 
cyclic to cyclic photophosphorylation should be regulated by the availability of 
TPN as the electron acceptor. Figure 1 shows that this was experimentally ob- 
served. The lowermost curve represents cyclic photophosphorylation in the ab- 
sence of TPN. The rate of ATP formation by cyclic photophosphorylation was 
lower than that by noneyelic photophosphorylation in the presence of TPN. Non- 
cyclic photophosphorylation continued at the higher rate as long as a supply of 
oxidized TPN was available (uppermost curve). But when all of the available TPN 
was reduced (middle curve), the more rapid noncyclic photophosphorylation came 
to an end and the slower cyclic photophosphorylation took its place. The rate of 
this “delayed” cyclic photophosphorylation was the same as the rate of the initial 
cyclic photophosphorylation in the absence of TPN (compare the slopes of the 
middle and lowermost curves in Fig. 1). Where TPN was added (uppermost and 
middle curves of Fig. 1), its photoreduction was measured spectrophotometrically 
by absorption at 340 mu. The quantities of TPNH, found confirmed the stoichio- 
metry of noncyclic photophosphorylation® (TPNH2/ATP = 1). 

The experiments represented by Figure 1 were carried out under aerobic condi- 
tions. Forti and Jagendorf,?? and Black et al.** have observed that under these 
conditions ferredoxin (“PPNR”’) stimulates an endogenous photophosphorylation 
which proceeds in the absence of added cofactors, hut is dependent on, and consumes, 
molecular oxygen as the terminal electron acceptor. Torti and Jagendorf*? inter- 
preted their data as ruling out the existence in chloroplasts of a truly endogenous 
cyclic photophosphorylation, i.e., a phosphorylation that would proceed without 
the participation of molecular oxygen as the terminal electron acceptor. Evidence 
was needed, therefore, to show that ferredoxin could catalyze an endogenous cyclic 
photophosphorylation under anaerobic conditions, when oxygen was initially ex- 
cluded and its photochemical production effectively prevented. 

Evidence for an endogenous ferredoxin-catalyzed cyclic photophosphorylation, 
which proceeds anaerobically without the addition of other cofactors, was obtained 
after first establishing the experimental conditions under which this type of photo- 
phosphorylation can be observed. These experimental conditions include a rela- 
tively low light intensity (illumination higher than 10,000 lux was inhibitory), an 
optimum pH about 8.2, and the use of p-chlorophenyldimethyl urea (CMU) as an 
inhibitor of oxygen evolution. The significance of these experimental conditions 
will be discussed in a subsequent publication. 

Table 1 shows the dependence of anaerobic cyclic photophosphory lation on the ad- 
dition of ferredoxin. In other experiments, it was found that under anaerobic 
conditions the ferredoxin requirement was much greater (up to tenfold) for cyclic 
photophosphorylation than for the noncyelic type. 

As shown in Table 2 the anaerobic cyclic photophosphorylation catalyzed by fer- 
redoxin was strongly dependent on the presence of CMU. In the absence of CMU 
there was no significant photophosphorylation. The addition of 10 ug of CMU in- 
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creased the rate of photophosphorylation about sevenfold, but 100 ug of CMU was 
inhibitory. 


| I | T T T T T a 
Fd-catolyzed cyclic ~ Fd-catalyzed photophosphorylations 
photophosphorylation a with and without TPN 


zmoles ATP formed 


pmoles ATP formed 
S_ 
> 


Antimycin A 


ve) 





- it Dh wag Fic. 2.—Experimental conditions were as 
Ol 02 03 04 described in the legend for Table 1 except 
chlorophyll (mg) that 1,500 ug of spinach ferredoxin were 
. os a4 . used throughout and a variable amount of 
Fic. 1.—Transition from noneyelie to ehlorophyll as indicated. 10 yg of antimycin 
cyclic photophosphorylation, catalyzed by A were added where indicated. " 
ferredoxin (Fd), as influenced by TPN avail- 
ability. 
The reaction mixture contained in a final 
volume of 4.5 ml, broken chloroplasts (Ci,) 
containing 300 yg of chlorophyll, 1,500 yg 
of spinach ferredoxin and the following in 
umoles: tris buffer pH 8.3, 150; MgCh, 
7.5; ADP, 15; K:HP#0,, 15; and TPN 
as indicated. The reaction was carried out 
in 1 em optical path cuvettes under air at 
15°C. Illumination was by incandescent 
light (10,000 lux) filtered through a Jena 
G2 filter. At the indicated times, 0.5 ml 
aliquots of the reaction mixture were with- 
drawn for ATP determination and 0.3 ml for 
TPNH: determination (see text). The ATP 
produced is plotted as ymoles ATP in 1.5 ml 
of reaction mixture. 


A notable feature of ferredoxin-catalyzed cyclic photophosphorylation was its 
sensitivity to antimycin A over a wide range of chlorophyll concentration (Fig. 
2). Sensitivity to antimycin A has been observed in the endogenous anaerobic 
cyclic photophosphorylation by chromatophores of the purple bacteria, Rhodospi- 
rillum rubrum: % and Chromatium.” The inhibition of cyclic photophosphoryla- 
tion in chromatophores does not occur in the presence of catalytic amounts of 
phenazine methosulfate,?*: 27 which evidently serves as a bypass around the site 
of antimycin A inhibition. Interestingly enough, the usual type of cyclic photo- 
phosphorylation in chloroplasts—measured in the presence of added cofactors and 
at relatively high chlorophyll concentrations—was also found to be resistant 
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TABLE 1 
ErrectT OF FERREDOXIN ON CycLic PHOTOPHOSPHORYLATION IN AN ATMOSPHERE OF ARGON 
ATP formed 
Ferredoxin added (ug) epm umoles 
0 23 0.00 
30 146 0.02 
75 410 0.07 
150 789 0.14 
300 2,109 0.37 
750 7,404 1.29 
1,500 10,816 1.88 


The reaction mixture contained, in a final volume of 1.5 ml: spinach ferredoxin as indicated, p-chlorephenyl- 


dimethyl urea (CMU), 2 wg; washed broken chloroplasts containing 100 yg of chlorophyll and the following in 
uwmoles: tris buffer pH 8.0, 50; MgCh, 2.5; ADP, 5; KeHP®O,, 5. The reaction was carried out in Warburg 
vessels in an atmosphere of argon at 15°C. Illumination was by incandescent light (10,000 lux) filtered through a 


Jena G2 filter. 


TABLE 2 
Errect oF P-CHLOROPHENYLDIMETHYL UREA (CMU) on FeRREDOXIN-CATALYZED CycLic 
PHOTOPHOSPHORYLATION IN AN ATMOSPHERE OF ARGON 
CMU added (ug) ATP formed (umoles) 


None 0.21 
0.1 0.21 
1.0 0.53 
10 1.57 
100 0.02 
Experimental conditions were as described in the legend for Table 1 except that 1,500 ug of spinach ferredoxin 
were used throughout. CMU was added as indicated. 


to antimycin A inhibition.” Since, in mitochondria,?® ® antimycin A inhibition 
is considered to be indicative of the participation of cytochrome b in electron trans- 


port, the sensitivity to antimycin A suggests a possible participation of the cyto- 
chrome bs component of chloroplasts*': ** in the ferredoxin-catalyzed cyclic photo- 


phosphorylation. 

Concluding Remarks.—A previously puzzling feature of cyclic photophosphoryla- 
tion in isolated chloroplasts, a feature which distinguished it from cyclic photophos- 
phorylation in bacterial chromatophores, was a dependence on an added electron car- 
rier such as vitamin K or phenazine methosulfate. A possible, though heretofore 
experimentally unsupported, explanation of this difference was that chloroplasts, 
but not chromatophores, automatically lost a soluble constituent in the process of 
isolation. The present findings point to chloroplast ferredoxin as being the water- 
soluble constituent of cyclic photophosphorylation which is, at least in part, lost 
from chloroplasts when they are removed from the cell. However, it is still pre- 
mature to say what role bacterial ferredoxins® play in the mechanism of bacterial 
photophosphorylation. Differences between the two systems require further study. 
Thus, it has been found that the pyridine nucleotide-reducing system in chromato- 
phores differs from that in chloroplasts. Chromatophores photoreduce DPN in 
preference to TPN and do so without the addition of a soluble cofactor such as 
ferredoxin.” 

In chloroplasts, ferredoxin appears to be a branching point in the electron trans- 
port systems that result either in cyclic or in noneyclic ‘photophosphorylation. 
Since TPN is required for noncyclic photophosphorylation but not for cyclic 
photophosphorylation,** it follows that when the photoreduced ferredoxin is 
reoxidized by TPN (with the aid of an appropriate flavoprotein enzyme?'), non- 
cyclic photophosphorylation would result. When oxidized TPN is unavailable 





VoL. 49, 1963 BIOCHEMISTRY: TAGAWA ET AL. 


as an electron acceptor, the photoreduced ferredoxin would be reoxidized by a 
bound component of the grana, and cyclic photophosphorylation would result. 
It is thus possible to envisage that the availability of TPN as an electron acceptor 
would serve as a physiological regulator between cyclic and noncyclic photophos- 
phorylation. TPN availability would, in turn, be regulated by the reoxidation of 
TPNHb in the course of reductive carbon assimilation (cf. ref. 8). 

It is interesting to note that, although reduced ferredoxin is nonenzymatically 
oxidized by oxygen, an appreciable leakage of electrons to O» (is always present 
around the chloroplasts in vivo) is prevented by the strong affinity of reduced 
ferredoxin, (a) for the TPN-reducing system, and (b) for the grana-bound electron 
carriers of cyclic photophosphorylation. We have observed, even under aerobic 
conditions, a cyclic photophosphorylation in isolated chloroplasts that was essentially 
independent of molecular oxygen as the terminal electron acceptor. A more 
detailed discussion of this point will be presented elsewhere. 


* Aided by grants from the U.S. Public Health Service and the Office of Naval Research. 

' Ferredoxin of chloroplasts is the same substance as the methemoglobin-reducing factor of 
Davenport, Hill, and Whatley,? the TPN-reducing factor of Arnon, Whatley, and Allen,’ and the 
photosynthetic pyridine nucleotide reductase (PPNR) of San Pietro and Lang.‘ This change in 
nomenclature, discussed in more detail elsewhere,’ is based on the recently discovered chemical 
and functional similarities of ferredoxins from bacteria and chloroplasts. 
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THE DEFECTIVENESS OF ROUS SARCOMA VIRUS* 
By Hipesasuro Hanarusa, TeruKO HANAFuSA, AND Harry RuBIN 
VIRUS LABORATORY, UNIVERSITY OF CALIFORNIA, BERKELEY 


Communicated by Robley C. Williams, February 19, 1963 


The Bryan high-titer strain of Rous sarcoma virus (RSV) produces foci of trans- 
formed cells after infecting monolayers of chick embryo cells in tissue culture. 
The transformed cells take on the typical rounded appearance of cultivated Rous 
sarcoma cells and are no longer restricted to growth in a monolayer. When a 
stock of RSV is diluted beyond the end point for focus formation, another virus 
‘an readily be isolated which has been called Rous-associated virus (RAV).' RAV 
does not cause a noticeable morphological change in cells, but it induces resist- 
ance to RSV within a few days, and this resistance is the basis for the assay 
of RAV. RAV is indistinguishable from RSV in heat sensitivity, cellular site of 
maturation, growth rate, and immunological specificity.!. It is known to differ 
from RSV only in its failure to produce either foci in tissue culture or sarcomas in 
the chicken. It does, however, produce leukosis in chickens, and can be considered 
a virus of the avian leukosis complex. In view of its close relationship to RSV and 
its presence in RSV stocks in higher titer than RSV itself, it seemed unlikely that 
RAV was a mere accidental contaminant of the RSV stock. A study was under- 
taken to clarify the relationship of the two viruses. Attempts were made to isolate 
a stock of RSV free of RAV by picking single foci of transformed cells. Although 
the transformed cells present in such foci multiplied indefinitely and main- 
tained their distinctive morphology, they failed to produce either RSV or RAV. 
However, when RAV was added to such cells, they quickly produced large 
amounts of both RAV and RSV. We conclude from these observations that 
RSV is a defective virus which can only produce mature virus in the presence of a 
helper virus such as RAV. 

Material and Methods.—RSV stock and assay: The high titer strain of RSV was used in the 
present studies. The stock was obtained from the medium of heavily infected monolayers of 
chick embryo cells. The medium was subjected to sonic vibration at 9 ke to disperse virus 
aggregates. The virus titer was assayed by focus formation on chick embryo cells.2) The RSV 
stock contained 5 X 10° focus forming units (FFU) of RSV per ml and about 5 x 107 in- 
fectious units of RAV per mi (see below). 

RAV stock and assay: RAV was isolated from a stock of RSV and was purified twice by limit- 
ing dilution in vitro. The stock used was obtained by disrupting infected chick embryo cells 
by sonic vibration. The virus was assayed by its interference with RSV infection as described 
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in a previous paper. The titer was calculated from the terminal dilution which induced inter- 
ference, and was expressed in terms of infectious units. The RAV stock contained about 10° 
infectious units of RAV per ml. No evidence for the presence of RSV could be found upon in- 
oculation of the stock into chickens, chick embryos, and cultivated chick embryo cells. 

Other viruses: Avian lymphomatosis virus (RIF)? was obtained from the plasmas of congeni- 
tally infected chickens. Avian myeloblastosis virus was obtained after one passage in tissue cul- 
ture of virus from plasmas of infected chickens. The Bryan standard strain of RSV (HC; strain) 
which had been purified by isolation of a single focus was obtained from Dr. John Bader. 

Antiserum to RAV: Four-week-old chickens were infected intravenously with 10° infectious 
units of RAV and were bled for antibody one month later. At a dilution of 1:1,000 these sera 
reduced the titer of both RSV and RAV by a factor of 1,000 in 40 min at 37°C. 

Chick embryo cell culture: The techniques for preparing cultures of chick embryo cells have 
been described in detail elsewhere.?. The only modification was in the medium used to grow cells 
which had been transformed by infection with RSV. These cells could be maintained more 
readily if overlaid with a medium containing 0.49% agar. All media contained 199 as the basic 
ingredient plus 10% tryptose phosphate broth and 5% calf serum. 

Results.— The absence of virus production in foci of transformed cells: As the 
first step in studying the relationship between RSV and RAV, an attempt was 
made to obtain stock of RSV which was free of RAV. The RSV stock containing 
RAV was added to chick embryo cultures at a very high dilution so that only 2 or 
3 foci appeared per plate in order to minimize likelihood of contamination of the 
foci by RAV. The cultures were overlaid with an agar medium containing anti- 
RAV serum as a further precaution against contamination of the RSV foci by 
RAV. After allowing 7 days for the development of foci, trypsin was added to 
loosen the attachment of the cells to the dish; the isolated foci were removed with 
a capillary pipette and added to 10° normal chick embryo cells. Serial transfers of 
the cultures were made at intervals of 3-4 days. At each of the early transfers an 
aliquot of the cells was diluted and plated on normal chick embryo cells to determine 
the number capable of growing into foci. Before each transfer the supernatant fluid 
was harvested and assayed for RSV and RAV. 

In the course of many such experiments, it was found that more than 80 per cent 


transfer 4 transfer 


experiment B 


© Presence of RSVin supernatant 
© Absence of RSV in supernatont 

+ Presence of RAV in supernatont 
- Absence of RAV in supernotant 


Fic. 1.—Pattern of RSV production from transferred foci. 
| 
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TABLE 1 
NUMBER OF TRANSFORMED CELLS CAPABLE OF GROWING INTO Foc! 
Foci produced Foci produced by plating at transfer (per 10° cells) . 
Focus after plating Ist 2n ore ith 
no. original focus transfer transfer transfer transfer 
Virus producers 
302 u2 1,100 (v)* 39 , 000 (v) éas ue 
305 8O 1,200 7,200 31,400 (v) >100,000 (v) 
Nonproducers 
281 160 2,300 55,000 4 > 100,000 
284 18 24 4,700 2: >100, 000 
287 80 380 12,000 5: 25,000 
290 90 460 12,000 wale 
293 12 28 140 
296 10 72 
299 4 70 


308 50 78 1,600 5800 


*(v) = RSV demonstrated in the medium. 

Individual foci were picked and added to cultures of uninfected chick embryo cells. The mixed cultures 
were transferred serially, At each transfer, an aliquot of cells was plated separately to determine the number 
able to initiate a focus. The cultures presented in this table are the same as those of experiment B, Fig. 1 

of the original foci failed to release either RSV or RAV at the first transfer despite 
the fact that some of the cultures contained over 1,000 transformed cells. Cells 
with the characteristic morphology of transformed Rous sarcoma cells but not pro- 
ducing virus will be referred to as nonproducing (NP) cells. The presence or ab- 
sence of virus in two experiments is shown in Figure 1, and the number of trans- 
formed cells present during the first four transfers of one of these experiments is 
shown in Table 1. The transformed NP cells clearly had a growth advantage 
over the normal cells, since they formed an increasingly large fraction of the popula- 
tion with continuing transfer (Table 1). It can be seen that the transformed cells 
derived from many individual foci failed to produce virus at any time over as many 
as 9 transfers (lig. 1), even though they already represented over 10 per cent of the 
population in some cultures by the 4th transfer and constituted a majority 
in some of the cultures of the 9th transfer. Cultures which failed to release virus 
into the medium also failed to yield virus when the cells were disrupted by sonic 
vibration. The medium of the NP cells had no inhibitory effect on the infectivity 
of RSV. 

A further attempt was made to detect virus production from NP cells which had 
been transferred 3 times, by exposing them to 5,000 r of X irradiation and plating 
them on normal chick embryo cultures. The dose of X rays was large enough to 
block cell division, but not large enough to affect virus release.*; 4 The plating of 
irradiated cells is a highly sensitive technique for detecting virus production, be- 
cause the released virus has an immediate opportunity to contact susceptible cells. 
The results of this experiment are presented in Table 2. It can be seen that the 
cells of all NP cultures which failed to release detectable virus into the medium dur- 
ing the course of the experiment, also failed to register as infective centers after ir- 
radiation. The cells of virus-producing culture #302, which was included as a 
control for the sensitivity of the technique for detecting virus-releasing cells, in- 
duced focus formation as effectively after X irradiation as before. The results 
show, therefore, that even the most sensitive technique available for the detection 
of virus fails to reveal any virus production by the NP cells. 

Some of the foci which did not produce RSV in the early transfers began to release 
RSV spontaneously after several transfers. Every one of the total of 53 such foci 
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TABLE 2 
[NaBiLity OF NP CEtts To INITIATE Foct ArreR X IRRADIATION 
RSV in medium 


Foci produced per 3.6 & 10° cells before transfer 

Culture no. Unirradiated Irradiated (FFU/0.1 ml) 
281 16,600 0 0 
284 9,200 0 0 
287 19,400 0 0 
293 200 0 0 
296 yt 0 0 
299 oe 0 0 
305 0 0 
308 56 0 0 
302* ‘ 17 ,000 3,800 


* A virus releasing control culture. 


At the third transfer the media from mixed cultures of NP and normal cells were assayed for RSV and 
the cells were plated for focus formation before and after receiving 5000 r of X irradiation. 


found to date began to release RAV at the same time or slightly before releasing 
RSV, and the titer of RAV was always somewhat higher than that of RSV. There 
was not a single case of RSV production in the absence of RAV production. 

RSV production after infection of NP cells by RAV: The consistent failure 
to obtain RSV production without RAV production suggested that RAV might 
be essential to the production of mature RSV. To investigate this possibility fur- 
ther, RAV was added to NP cultures and the type of virus released into the medium 
determined. It was found that the addition of RAV to 42 NP cultures was fol- 

lowed by the release of infectious RSV and RAV in 
rT TTT] every case. (The simple mixing of RAV with the 
cell-free medium from such cultures did not unmask 
a putative RSV, showing that RAV actually initi- 
ated the production of RSV by the cells.) The 
daily yield of RSV following the addition of RAV 
was determined in three of the NP cultures, and the 
results are shown in Figure 2. RSV release became 
detectable in large amounts within a day after the 
addition of RAV, and continued with only a slight 
increase in rate thereafter. 
, ; . The unfailing initiation of infectious RSV produc- 
Days after addition of RAV tion by RAV superinfection can be explained if we 

Hes =P assume that RSV is incapable of producing infec- 
ne thi Gio eave ae tive progeny in solitary infection, and that RAV 
tures. 5X10’ infectious units of — plays the role of a helper virus. This assumption 
ee aN poi vena me is supported by the finding that the spontaneous 
were 4.9X 104 NP cells in #287 (@) onset of RSV production in some foci after several 
heis at a heal gD re transfers was always preceded or accompanied by 
Titer of RSV in the supernatant RAV production. The presence of RAV in such 
rset was assayed at daily 6a .es ean plausibly be attributed to contamination 

of the original foci by the progeny of RAV present 
in the initial inoculum despite the precautions taken to prevent such an occurrence. 

If RAV production by transformed cells of the foci were the result of accidental 
contamination, it would be expected that normal cells from some of the interfocal 
areas of the original plates would also have been contaminated. The proportion 


= 


log RSV titer per plote 
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of such interfoeal areas which produces RAV should be about the same in a given 
experiment as the proportion of transformed foci which produces RAV and RSV, 
but the former should produce only RAV. Ags part of experiment A of Figure 1, 
8 interfocal areas were picked, transferred, and tested for virus production. Cells 
from 5 of the 8 interfocal areas produced RAV, and only RAV, at the 3rd transfer. 
Since 7 out of the 11 foci in this experiment eventually produced both RAV and 
RSV, the findings support the suggestion that spontaneous RSV production was 
due to contamination with RAV. When rigorous precautions were taken to avoid 
contamination (exp. B, Fig. 1), most NP foci could be maintained as nonproducers 
indefinitely. 

The effect of a variety of agents other than RAV on initiating RSV production 
by NP cells was tested. Successful initiation has been attained with all the viruses 
of the avian leukosis complex thus far tested, including a strain of visceral lympho- 
matosis virus (RIF), myeloblastosis virus, and an RAV-like agent isolated from 
Bryan’s standard strain by RSV. 

Absence of RSV production in the early stages of solitary infection: The foregoing 
experiments have shown that RSV is not produced by the cells on fully developed 
foci following solitary infection with RSV. Since these foci had been picked one 
week after infection, and had developed in the presence of neutralizing antibody, 
it could not be ascertained whether transient RSV production had occurred at an 
-arly stage of infection. The following experiment was therefore carried out to 
detect such early virus production by singly infected cells. 


Approximately 100 FFU of RSV were adsorbed for one hr to chick embryo 


cell monolayers containing 10° cells. These will be referred to as RSV-infected 
cultures, since the low multiplicity of infection assured solitary RSV infections 
at the cellular level. Half of the cultures were then infected with 10’ infectious 
units of RAV so that each RSV-infected cell was superinfected with RAV. All 
cultures were washed and overlaid with agar medium containing antibody to RAV. 
On each subsequent day the agar was removed from one RSV-infected culture and 
one RAV-superinfected culture and the cells were suspended with trypsin. An 
aliquot of the suspended cells from each culture was X-irradiated with 5,000 r. 
Irradiated and unirradiated cells were centrifuged, resuspended in medium and 
plated for focus formation on chick embryo cells. 

It was anticipated that unirradiated RSV-infected cells would register as focus 
formers regardless of whether they produced virus since they could multiply as 
transformed cells. The irradiated RSV-infected cells, however, could only initiate 
foci if they released virus. Their failure to initiate foci could be interpreted as a 
failure to release virus only if X irradiation did not suppress focus formation by the 
cells superinfected with an excess of RAV, which were expected to release RSV. It 
‘an be seen in Table 3 that the unirradiated cells from cultures infected with 100 
FEU of RSV produced about 100 foci when plated one day after infection. The 
number of foci produced by the RSV-infected cells increased by a factor of about 
60 in the next 4 days, indicating an average generation time for the NP cells over 
this period of about 18 hr. Irradiation reduced the number of foci produced by 
these cells more than 100-fold during the first 3 days, and more than 30-fold on the 
4th and 5th days. 

The RSV-infected cells superinfected with an excess of RAV produced as many 
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TABLE 3 


Errect or X IRRADIATION ON Focus FORMATION BY CELLS DURING EARLY STAGES OF SOLITARY 
RSV INFECTION 


Days after infection 
2 3 


Inoculum Treatment 1 5 


RSV (100 FFU) Unirradiated 96* 460 1660 3300 6160 
Irradiated 0 4 14 100 238 
RSV (100 FFU) plus RAV (10° Unirradiated 72 980 2280 7400 
infectious units) Irradiated 60 616 2200 7300 
* Calculated number ot foci produced by plating all the cells from a sinele infected culture. 
Cultures were infected with 100 FFU of RSV, or 100 FFU of RSV plus 107 infectious units of RAV. On each 


subsequent day the cells were suspended, an aliquot was X-irradiated with 5,000 r, and the unirradiated and 
irradiated samples were plated for focus formation on fresh chick embryo cell cultures. 


foci after irradiation as before, indicating that irradiation did not suppress the initia- 
tion of foci by virus-producing cells. The results, therefore, show that the vast 
majority of cells infected with RSV alone fail to produce virus during the early 
stages of infection. The few foci produced after irradiation of the cells infected 
with RSV alone were probably due to unavoidable contamination by RAV during 
the various experimental manipulations. 

Discussion.—The failure of the high titer strain of RSV to produce infectious 
virus in single infection may be compared to other systems in which deficiencies in 
the production of infectious virus have been found. Three such systems which have 
been subjected to critical analysis are the production of incomplete influenza virus 
in the Von Magnus phenomenon, the absence of virus-like materials in cells trans- 
formed by infection with polyoma virus, and the inability of defective bacterio- 
phages to produce infectious virus in the absence of a helper virus. 

The conditions for infecting cells so that they release incomplete influenza virus 
are the opposite of those required to produce NP Rous sarcoma cells. Cells which 
release incomplete influenza virus result only after multiple infection by influenza 
virus,> while NP cells can only be produced with low multiplicities of infection by 
RSV. This indicates a fundamental difference between influenza and RSV, since 
single influenza virus particles are fully capable of producing infective progeny, while 
single RSV particles are not. 

In the case of polyoma virus, attempts to demonstrate the presence of virus- 
related material such as infectious DNA or virus protein in certain lines of trans- 
formed cells have failed. When such cells are superinfected with another variant 
of polyoma virus, they produce only the superinfecting type, i.e., there is no indica- 
tion of a helper virus action.’ Therefore, the state of the polyoma virus, if it is 
present at all, in transformed cells is different from that of RSV in NP cells. 

There are, however, striking similarities between the defective bacteriophages and 
RSV. Like RSV, the defective bacteriophages are unable to produce infectious 
progeny unless a helper virus is present.’~'! Therefore, stocks of defective bac- 
teriophage, like RSV, are mixtures which always contain helper virus. That the 
genome of the defective bacteriophage can multiply when it is established as pro- 
phage is shown by the fact that it is present in the progeny of a lysogenic bacterium. 
The genome of RSV also multiplies since a high proportion, if not all, of the NP 
cells produce infectious RSV when superinfected with RAV. Therefore, we con- 
clude that the high titer strain of RSV is a defective virus analogous in some re- 
spects to the defective bacteriophages. 

However, it is unwarranted to carry the analogy with defective bacteriophages 
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too far since fundamental differences are likely to be found. One difference already 
known is that RSV contains RNA as its genetic material and the defective bacteri- 
ophages contain DNA. Speculation about the precise nature of the defective- 
ness of RSV will be postponed until the results of current studies are available. 

If it seems remarkable that the defectiveness of RSV has gone unrecognized 
for so long, it should be pointed out that the existence of the helper virus in the 
RSV stock was unsuspected until two years ago. The opportunity for its detec- 
tion became available only with the advent of the interference test for avian 
leukosis viruses.2. Even with full knowledge of the presence of RAV, rigorous pre- 
cautions must be taken to prevent superinfection of transformed non virus-producing 
cells by RAV, since its concentration in the RSV stock is 10 times higher than RSV 
itself. Since production of RSV by transformed cells follows quickly upon RAV 
superinfection, previous growth curves obtained with this strain of RSV'? must be 
reinterpreted in terms of the interaction with RAV. 

Some confusion may arise from the fact that RAV, which plays an essential role 
in the production of RSV, is assayed by interference with RSV. RAV infection 
must precede RSV infection by several days for a highly effective interference to 
occur. There is no indication that the interference is reciprocal, since NP cells 
which have carried the RSV genome for many generations can readily be superin- 
fected with RAV. The other avian leukosis viruses have a similar nonreciprocal 
interfering relationship to RSV.*)'’ The fact that they do not appear to be de- 
fective suggests an association between their ability to produce infectious virus 
(i.e., to carry out a late stage of virus growth) and their ability to interfere (i.e., 
to suppress an early stage of RSV growth). 

Thus far, clear evidence for the defectiveness of RSV has been provided only with 
the high titer strain. There are two findings which suggest that the standard 
strain of RSV is also defective. The first is the discovery by Temin that a large 
fraction of the chick embryo cells which are infected with this strain at a relatively 
low multiplicity and then are cloned on a feeder layer of mouse cells do not produce 
RSV unless another avian tumor virus is added.'4 When cloned on chicken cell 
feeder layers, however, the infected cells do produce RSV. The second is that a 
virus similar to RAV has been isolated from the standard strain (Shimizu, personal 
communication). A straightforward explanation for Temin’s observations can be 
made, based on the fact that the avian tumor viruses grow poorly, if at all, on 
mouse cells while they flourish on chicken cells. A background of mouse feeder 
cells would minimize the spread of RAV to the RSV-infected chicken cells, while 
a background of chicken cells would facilitate such spread, and thereby elicit RSV 
production in the emerging clones. 

It is of great importance to determine whether all strains of RSV are defective 
and are consequently always associated with helper viruses. If this is so, a rational 
explanation can be offered for such puzzling features of the biology of RSV as the 
failure to isolate infectious virus from tumors induced in chickens by low doses of 
RSV." The absence of virus in such tumors cannot be explained on the same basis 
as the disappearance of virus from aging tumors induced with higher doses of RSV. 
The latter phenomenon occurs only in immunologically competent chickens and has 
been shown to be due to a cellular response by the host against the tumor cells." 
The low dose noninfective tumors can be induced in baby chicks which are immu- 
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nologically incompetent, and the frequency of noninfective tumors does not de- 
pend on the age of the tumor. It seems likely such tumors are due to solitary in- 
fection and transformation of cells by defective RSV, which would be made possible 
by the low concentration of both RSV and RAV in the dilute inoculum. 

Finally, attention should be drawn to the possible relationship between the de- 
fectiveness of RSV and its carcinogenic properties. The failure to perform the late 
virus functions could result in unrestrained production of the early virus products 
and thereby impair the regulatory functions of the cell. 

Summary.—In an attempt to obtain the high titer strain of RSV free of RAV, 
isolated foci of transformed cells were produced by infecting chick embryo cultures 
with very high dilutions of the RSV stock. Agar, containing antibody to RAV, 
was added to the cultures to minimize the spread of RAV. The transformed cells 
were added to uninfected chick embryo cells and retained their altered morphology 
through repeated serial transfers. Most of the foci maintained in this way yielded 
no detectable virus. In every such case, however, RSV production could be eli- 
cited by adding RAV or any one of several other avian tumor viruses. A high pro- 
portion, if not all, of the transformed cells produced RSV upon superinfection with 
RAV, even when they had undergone well over 20 divisions in the absence of virus 


production. 

A minority of the foci produced RSV spontaneously upon transfer and in every 
such case RAV was also produced. The proportion of foci producing RSV and 
RAV spontaneously was matched by the proportion of interfocal areas of normal 
cells which produced RAV alone. This indicated that RAV from the inoculum 


had infected cells at random and that the “spontaneous” production of RSV by 
transformed cells was due to the delayed spread of RAV following the removal of 
antiserum. 

It is concluded that the high titer strain of RSV is defective since it cannot gen- 
erate the production of new infectious virus unless a helper virus such as RAV is 
multiplying in the same cell. By contrast, however, the ability to cause the 
malignant transformation is expressed continuously, and consequently does not re- 
quire the production of mature virus. Both the potential for virus production and 
the ability to transform cells are perpetuated in a cell line by hereditary transmission. 
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